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Abstract 
 
The Circulating Fluidized Bed Biofilm Reactor (CFBBR), a bioparticle technology 
designed for biological nutrient removal, has been implemented to achieve considerable 
biodegradation efficiency and low sludge production, compared with activated sludge 
system and typical biofilm technology. The inherent advantages of bioparticle technology 
are enhanced substantially by the CFBBR, for example, decoupling of hydraulic retention 
time (HRT) from solids retention time (SRT), large specific surface area, thus creating 
ideal conditions for biofilm ecosystem.  
In this work, bioparticle recirculation, as a novel control method for bioparticle 
systems, was demonstrated in CFBBRs. To verify the impact of bioparticle recirculation 
on reactor performance, bio-kinetics, and hydrodynamic behavior, three lab-scale 
CFBBRs were developed and tested for carbon and nitrogen removal from synthetic 
wastewater as well as municipal wastewater. During all extended experiments, 
bioparticles were slowly transferred from the Riser (Anoxic column) to the Downer 
(Aerobic column) for specific bio-reactions, and then recirculated back to the Riser for 
refreshment. A low shear stress was maintained in order to achieve rich biofilm 
conditions, where the predation process was encouraged. Furthermore, a novel one-
dimensional (1D) bioparticle model successfully combined hydrodynamic parameters 
with biofilm kinetics to simulate dynamic surface area and dynamic shear stress in 
bioparticle processes.  
 iv 
 
Two lab-scale CFBBRs fed with synthetic wastewater were configured for 
extended experimental tests and a pseudo-steady-state study of bioparticle recirculation. 
Over the 285 days of synthetic wastewater experiments in a 4-L lab-scale CFBBR, over 
95% COD removal and 85% TN removal were achieved during slow bioparticle 
circulation between the Riser (Anoxic) and the Downer (Aerobic). Furthermore, with 
sodium acetate as the carbon source, an extremely low net sludge yield of 0.034 
mgVSS/mgCOD was observed concomitant with the appearance of macro-consumers and 
aquatic worms. Another extended (200 days) experiment of a lab-scale (8.5 L) CFBBR 
demonstrated the feasibility of achieving pseudo-steady-state conditions for integrated 
COD, nitrogen removal, and worm predation, and the results proved that the worm 
predation has a significant impact on the pseudo-steady-state performance of the CFBBR, 
decreasing biomass yield and oxygen concentration while increasing expanded bed 
height. 
Subsequently, Bioparticle Enrichment-Predation circulation (BEP circulation), 
comprised enrichment (in Riser Bottom section), transportation (in Riser Top section), 
predator-cultivation (in Downer Top), and deactivation (in Downer Bottom), was 
proposed as a novel bioparticle recirculation pattern, which effectively improves 
performance and enhances the stability of CFBBR. The bioparticle process involving 
worm predation proved to be achievable through a self-balancing worm bioparticle 
process and BEP circulation. A self-balancing micro-community along with BEP 
circulation would provide an effective control of the bioparticle system integrating COD 
and nitrogen removal with strong predation. 
 v 
 
A CFBBR conceptual model was established based on 1D-bioparticle model to 
investigate hydrodynamic conditions of CFBBR. The model integrating the anoxic riser 
and aerobic downer, and bioparticle circulation was simulated as a function of expanded 
bed growth. Experimental data from a 6-L CFBBR fed with municipal wastewater was 
used to calibrate the conceptual model. The impact of bioparticle circulation rate (vs) was 
verified by three different vs: 50 g bare particle/d, 100 g bare particle/d, and 200 g bare 
particle/d. The range of the operational bioparticle circulation rate was calculated by the 
1D-bioparticle model, which provided crucial control for parameters in the CFBBR. 
 
Keywords:  Bioparticle Circulation, Circulating Fluidized Bed Biofilm Reactor, 
Biological Nutrient Removal, Worm Predation, 1D-bioparticle Model 
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Chapter 1 Introduction 
 
It is estimated that there are about 15,000 bioreactors treating wastewater in the 
United States alone and over 60,000 bioreactors applied in Wastewater Treatment plants 
all over the world. No doubt, it is the most widely used biotechnology on Earth. This 
research focuses on developing a novel bioparticle reactor in this area, the strategy of 
which is to achieve stable and efficient biodegradation performance and remarkably low 
sludge production rate as well. The proponent utilizes a Circulating Fluidized Bed 
Biofilm Reactor (CFBBR) to build up a novel bioparticle circulation operational pattern. 
1.1 Problem definition 
The basic idea of this research is to develop an aerobic bioparticle technology for 
municipal wastewater biological nutrient removal, wherein efforts are made to understand 
bioparticle circulation effects on CFBBR through lab-scale experiments. 
 The problem definition for this research could be: the development and 
implementation of a bioparticle process which employs bioparticle circulation in CFBBR 
to optimal achieve practical loadings and low sludge yield. The goal of this research is to 
build a scientific theory and application model for bioparticle circulation and to improve 
the CFBBR as a commercial process.  
1.2 Rationale 
Microbial communities can provide remarkably diverse services in degradation of 
contaminants in water, air and soil, in light of their unparalleled capacity to perform 
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oxidation and reduction reactions (Rittmann, 2010). The most recognized and practical 
application of microbial biodegradation of contaminants is the activated sludge system, 
which has been further developed to achieve biological nutrient removal(Eckenfelder and 
Grau, 1998a; Gujer, 2009; Marais and Ekama, 1976; Randall, 1998). Compared to 
bioflocs, biofilm and biogranule are extremely promising due to better separation of 
biomass and favourable environmental conditions for microorganisms. Many approaches 
to explore biofilm and biogranular processes have been employed using specific groups 
of organisms, novel treatment technologies, and innovative engineering design(De Kreuk 
et al., 2007; Rittmann et al., 2007). A great deal of effort went into decreasing the 
footprint of treatment plants and reducing the operational treatment costs. The former is 
generally associated with uncoupling of hydraulic retention time (HRT) from the solids 
retention time (SRT), in order to minimize the volume of bioreactor unit (Odegaard et al., 
2000), while the latter is much more complex, with most effort being put into two aspects: 
reducing excess sludge production and utilizing alternative electron acceptors (nitrate) 
rather than oxygen. 
Aerobic bioparticle technologies have been utilized for at least 30 years to achieve 
the two aforementioned crucial approaches simultaneously. Aerobic granular sludge and 
particle supported biofilms have been demonstrated as the two main techniques in aerobic 
bioparticle processes so far (Nicolella et al., 2000b). Formation of aggregated biomass 
offers advantages, as compared to suspended flocs, in decoupling SRT from the 
bioreactor volume. Additionally, the large specific surface area of particulate biofilm 
reactors could help achieve high volumetric substrate conversions in order to reduce the 
reactor size (Mulder et al., 2001a). Meanwhile, since high conversion rates of bioparticle 
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processes are generally due to large specific surface area (over 2000m2/m3), surface 
loading rates of the biofilm or biogranule are relatively low, which usually leads to slow 
growth of biomass (Safferman and Bishop, 1997a). Furthermore, the predation process 
could also be encouraged by long biomass retention time, which plays an important role 
in reducing sludge quantities (DeLeo and Baveye, 1997; Welander and Lee, 1994; White 
and Findlay, 1988), as thick biofilm and granular sludge provide the optimal conditions 
for the growth of protozoa and metazoan(Matz et al., 2005; Ni et al., 2010b; White and 
Findlay, 1988). 
Biological nutrient removal (BNR) processes were developed to meet increasingly 
stringent total nitrogen and phosphorous effluent criteria. Besides superior effluent 
quality, BNR processes provide other advantages over the conventional activated sludge 
system, i.e. savings in aeration energy due to utilization of nitrates as electron acceptors, 
improving sludge settling characteristics, and reducing overall biomass production.  
Although there are numerous studies on the application of bioparticle processes, 
such as fluidized beds (Weber Jr, 1978), air lift reactors (Heijnen et al., 1993), and 
granular sludge sequencing batch reactors (Yilmaz et al., 2008a) for biological nutrient 
removal, very limited investigations were carried out on long-term particle circulation 
and behavior under different alternating growth conditions such as feast-famine 
alternation and anoxic-aerobic alternation. However, short-term anoxic-aerobic switch of 
microorganisms was investigated widely in sequencing batch reactors during the BNR 
process. The frequent change of electron acceptors necessitates time for adaptation (Lee 
et al., 2009; Liu et al., 1998), which is known as diauxic lag or diauxic shift (Jacob and 
Monod, 1961), while some other researchers revealed that, in the bioparticle field, 
Chapter 1. Introduction                                                                                                     4 
 
 
formation and self-immobilization of granular sludge was improved during anoxic-
aerobic alternation (Morgenroth et al., 1997; Wan et al., 2009), feast-famine alternation 
(Tsai and Wu, 2005), with similar behavior observed for biofilm enhancement through 
improved stability and density (Mosquera-Corral et al., 2005).   
The Circulating Fluidized Bed Biofilm Reactor (CFBBR), a bioparticle technology 
designed for biological nutrient removal, was recently developed and patented (Cui et al., 
2004a; Nakhla et al., 2004). A schematic of the CFBBR is shown in Figure 1-1. Flow 
regime in the liquid-solid fluidization systems, could provide efficient control of the 
behavior of the bioreactor (Zhu et al., 2000). For the CFBBR, fixed-bed regime, 
conventional fluidization regime, and fast fluidization regime could be utilized to achieve 
different functions in the BNR process. Furthermore, it is convenient to control 
bioparticle circulation between anoxic and aerobic environments or feast and famine 
conditions, through which favorable biofilm for bacteria or predators could be established 
dynamically in the CFBBR. 
Slow-rate bioparticle circulation was evaluated and chosen for maintaining feast-
famine and anoxic-aerobic bioparticle reactor and to achieve Bioparticle Enrichment-
Predation (BEP) circulation comprising: 
i) Enrichment (in the Riser Bottom section),  
ii) Transportation (in the Riser Top section),  
iii) Predator-cultivation (in the Downer top),  
iv) Deactivation (in the Downer bottom). 
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Figure 1-1 Schematic of Circulating Fluidized Bed Biofilm Reactor 
 
The conceptual schematic of the BEP circulation is explained in Figure 1-2. The 
CFBBR as a novel circulating fluidized bed has intrinsic advantages in fluid control and 
numerous efficient methods, for specifying hydrodynamic particle profile, extended from 
the Circulating Fluidized Bed (CFB). Biofilm profiles vary greatly at different phases of 
bioparticle circulation, and retention time of bioparticle in the Downer is the critical 
factor for biofilm diversity. Since the Downer is more stratified than the riser, the 
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bioparticles retention time in the Downer is more variable than in the Riser. The term 
biofilm circulation time distribution reflects the bioparticle retention times in the aerobic 
downer. 
 
Figure 1-2 Bioparticle Enrichment-Predation circulation in the CFBBR 
 
The CFBBR could be effectively controlled for reduction of sludge production 
because of its flexibility in switching from different fluidization regimes and other 
essential advantages of bioparticle technology, for example, decoupling of HRT from 
SRT, large specific surface area, control of biomass attachment and detachment, and 
maximizing the utilization of nitrate as an electron acceptor.  
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1.3 Objectives 
The Bioparticle Enrichment-Predation circulation pattern is presented in this 
research as a novel and practical way to control bioparticle. Several long-term 
experiments were undertaken to test the performance of the CFBBR associated with BEP 
bioparticle circulation. To evaluate the impact of the bioparticle circulation, minimum 
shear force was designed to achieve rich biofilms in both the Riser and Downer 
throughout this research. The specific objectives of this project are: 
i) To develop a bioparticle system with strong predation processes, which could 
achieve extremely low sludge production and remarkable performance with 
respect to biological nutrient removal; 
ii) To investigate a pseudo-steady-state of the CFBBR with BEP circulation, ; 
iii) To specify the theory of BEP circulation and its formation through the 
measurement of bioparticles’ characteristics in each stage, determining the 
aquatic worm population, and how it affects the proposed circulation; 
iv) To establish a biomass yield model for the CFBBR; 
v) To develop the CFBBR model based on bioparticle circulation to optimize the 
design of the CFBBR. 
 
1.4 Thesis Organization 
After the introductory chapter 1, a comprehensive literature review of 
biodegradation kinetics including activated sludge and biofilm, bioparticle technology, 
control methods of bioparticles, biomass yield and biofilm modeling is presented in 
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chapter 2. In chapter 3, detailed descriptions of the materials and methodology used 
throughout this work are provided. In chapter 4, the performance of the CFBBR with rich 
biofilm is presented for carbon and nitrogen removal from synthetic wastewater under 
various loadings and temperatures. Chapter 5 focues on investigating the pseudo-steady-
state of the CFBBR with worm predation in the downer. Chapter 6 demonstrates the 
performance of the CFBBR during a real wastewater test and also presents the conceptual 
CFBBR model based on 1D-bioparticle Model. Chapter 7 investigates the impact of 
bioparticle recirculation rates. Chapter 8  presents a general discussion of the observed 
results and experiments. Finally, chapter 9 summarizes the major findings of this study 
with recommendations for continuous improvement of this novel technology. 
1.5 Thesis Format 
This thesis is prepared in an Integrated-Article manuscript format as specified in the 
Thesis Regulation Guide by the School of Postgraduate Studies at the University of 
Western Ontario. Chapter 4 of this thesis primarily Ming Li authored by was published in 
Chemical Engineering Journal 2012, Vol 181-182:35-44. Chapter 5 in which Ming Li 
was the primary author was published in Bioresource Technology 2013 Vol. 128: 281-
289. Chapter 6 of this work in which Ming Li was the primary author has been submitted 
to Biotechnology and Bioengineering. Chapter 7 primarily written by Ming Li has been 
submitted to Water Research.  
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Chapter 2   Literature Review 
 
This research focuses on a series of complex biological processes in a fluidized bed 
with particle-supported biofilm, i.e. bioparticles. Carbon and nitrogen compounds are 
biodegraded using the fluidized bioparticles. There are several crucial components for 
this research. At the reactor scale, the hydrodynamic behavior of the fluidized bed, the 
mass balance in the fluidized bed, the mass transfer into biofilm etc. are crucial. At the 
biofilm scale, biodegradation inside the biofilm, biomass detachment from biofilm 
surface, micro-community characteristic, etc. are crucial. General reviews about several 
of the highly relevant aforementioned subjects are presented in this chapter, as shown in 
Table 2-1. They include liquid-solid fluidized bed, mass transfer, particle circulation, 
carbon and nitrogen biodegradation kinetics, bioparticle technologies, biofilm control 
methods, biomass yield, multi-species biofilms, microorganism predation, etc. 
 
Table 2-1 Key aspects of consideration in this research 
Key aspects of consideration in this research 
reactor scale  biofilm scale 
hydrodynamic behavior biodegradation kinetic 
mass transfer biofilm detachment 
mass balance micro-community 
reactor design biomass yield 
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2.1 Fluidized bed 
Fluidization technology has existed for over 100 years. Many advantages, such as 
significantly enhanced mass and heat transfer rates, improved inter phase contact 
efficiency, ease of handling large quantities of particles, and a uniform temperature 
distribution, led to increased productivity and the wide application of fluidized bed 
reactors (Tang and Fan, 1990; Yates, 1983). 
2.1.1 Flow Regimes 
Liquid-solid or gas-liquid-solid fluidized beds are widely used in biological 
processes. The fluidization regimes include the fixed bed, bubbling fluidization, slugging 
fluidization and turbulent fluidization(Bi and Grace, 1995; Liang et al., 1995). The 
circulating fluidization regime, is identified for the upwards liquid–solid fluidization 
operation(Liang et al., 1997). This circulating fluidization regime is characterized by non-
uniform radial distribution of liquid velocity, particle velocity and particle hold-up in the 
bed, different from the conventional fluidization regime and the transport regime where 
the radial flow structure is more uniform. Because of the radial non-uniform flow 
structure, the flow behaviours in the circulating fluidization regime cannot be predicted 
with empirical relationships based upon homogeneous fluidization, as shown in Figure 
2-1. 
The circulating fluidized bed biofilm reactor (CFBBR) is mainly operated with 
conventional fluidization; However, small portions are operated under fast fluidization 
for bioparticle transportation.  
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Figure 2-1 Operation regime map for liquid-solid system (Liang et al., 1997) 
2.1.2 Terminal Settling Velocity and Drag Force 
A free-falling object achieves its terminal velocity when the downward force of 
gravity (FG) equals the buoyancy (Fb) and resistance force of drag (Fd). This causes the 
net force on the object to be zero, resulting in an acceleration of zero. Thus, terminal 
settling velocity, ut, is the notation used for the particle settling velocity after it becomes 
constant. 
For a single particle in a liquid, there are three forces acting on it: gravity, 
Archimedes buoyancy force and drag force, as shown in Table 2-2. 
Table 2-2 Drag force and terminal settling velocity of single particle 
 
Gravity, FG  Buoyancy, Fb  Drag force, Fd 
Terminal settling 
velocity,  ut 
 
Fd                
   FG 
Fb Fd 
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The drag coefficient, CD, is dependent upon Reynolds number (Re). For flow 
around a sphere, there are three regions for the drag coefficient: the Stoke's Law region 
Re ≤ 1 (shown in the bottom column), the Transition region 1 < Re ≤ 1000 , and the 
Newton's Law region 1000 < Re ≤ 2×105 (shown in the top column). 
Therefore, terminal settling velocity in a fluid can be calculated directly in the 
Stoke's Law region, or by the drag coefficient in the Newton's Law region. The drag 
coefficient can be calculated as a function of Reynolds number (Re) or Archimedes 
number (Ar, or Ga Galileo number). The proposed drag coefficients proposed by 
researchers are listed in Table 2-3. 
2.1.3 Minimum Fluidization Velocity 
The minimum fluidization velocity (umf) represents the transition between the 
packed/fixed and fluidized states. The value of the umf depends on the particles properties 
(shape, size and density) and system. For the design purposes, it is important to be able to 
calculate the minimum fluidization velocity theoretically. 
Calculating the minimum fluidization velocity, umf, is more complex than 
calculating the terminal velocity, ut. Usually, umf can be measured by comparing the 
frictional pressure drop in a column. The frictional pressure drop in a column containing 
liquid and particles, is zero before any liquid velocity is imparted. In this state, the only 
pressure difference along the column is hydrostatic pressure. When liquid is injected into 
the system the frictional pressure drop resumes increasing until it reaches a constant value 
after the minimum fluidization point. 
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Table 2-3 Drag coefficient equations 
Particle type  CD  range of Re  Reference
smooth and rigid 
spherical 
particles 
  < 105 
(Perry’s et al., 
1999) 
 
Ar<2.2×1010 
or 
Re<2.5×105 
(Karamanev, 
1996) 
Biofilm-coated 
Particle 
  50-100 
(Hermanowicz 
and 
Ganczarczyk, 
1983)  
  40-90 
(Mulcahy and 
Shieh, 1987) 
  15-87 
(Ro and 
Neethling, 
1990) 
  - 
(Chang et al., 
1991) 
  40-90 
(Yu and 
Rittmann, 
1997) 
  7-90 
(Nicolella et 
al., 1999a) 
  7-90 
(Nicolella et 
al., 2000c) 
 
Fluidization starts at a point where the bed pressure drop exactly balances the 
downward forces (gravity minus buoyancy forces) on the bed packing. At the point of 
Chapter 2. Literature review                                                                                           17 
 
incipient fluidization, umf can be solved by calculating the frictional pressure gradient 
with bed voidage ε = εmf. Three relevant equations are described in Table 2-4.  
Table 2-4 Minimum flow velocity equations 
  Equations Reference
Theoretical 
equation   
(Yang, 2003) 
Ergun equation 
 
(Ergun, 1952) 
Hagen-Poiseuille 
equation   
(Ergun, 1952) 
Gibilaro et al. 
 
(Gibilaro et al., 
1986) 
Wen and Yu*  , where C1=33.7, 
C2=0.0408 
(Wen and Yu, 
2011) 
* under the condition: 0.0508 < dp < 50 mm, 0.385 < εmf < 0.935, 0.136 < ϕs < 1, and 
particle to column diameter ratio from 0.000807 to 0.25. 
 
 
2.1.4 Bed Expansion and Voidage 
The expansion index n for spheres was originally correlated in the famous 
Richardson-Zaki equation. This correlation has been found to be valid over a wide range 
of operating conditions by many researchers and served as a “building block” for a 
number of models developed for liquid-solid fluidization. 
Numerous empirical equations have been developed for liquid-solid fluidized beds 
as well as fluidized bed biofilm reactors, as shown in   
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Table 2-5.  
Recently, Andalib et al. (2012) proposed a new Ar-based bed expansion equation 
for bioparticle processes, which correlates the fluidized bed expansion of the Richardson-
Zaki equation with the bed voidage.  
Bed voidage :  ߝ ൌ ሾ	ఘ೗	௨೗ሺ଴.଴ଷଷ஺௥బ.రఴళାଷ଺ଵ.ହ஺௥షబ.రఴళሻସ௚	ௗ೛ሺ	ఘ೛ି	ఘ೗ሻ ሿ
ସ.଻ହ଻ଵ଴షల஺௥బ.ళళయା଴.ଵ  (14) 
where, ߝ ൌ 1݁ ெ೘௏ఘ೘ ቀ
ௗ೛
ௗ೘ቁ
ଷ
, 	ܣ௥ ൌ ௚ௗ೛
యሺ	ఘ೛ି	ఘ೗ሻ	ఘ೗
௨೗మ       
The bed voidage in such reactors is important to evaluate a biofilm specific surface 
area; however, no satisfactory means exist so far for prediction of bed voidage in a three-
phase FBBR. This could be attributed to the complexity of three-phase fluidization as 
well as the complex manner by which fluidization characteristics and biofilm 
characteristics are interrelated.   
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Table 2-5 Minimum flow velocity equations 
particles  Equations  Re  Reference 
general 
particles 
  - 
(Richardson and 
Zaki, 1958) 
  <0.2 
(Garside and Al-
Dibouni, 1977) 
  0.2<Re<1 
  1<Re<200 
  200<Re<500 
  Re>500 
  - 
Richardson and Zaki 
(1958) 
  -  (Rowe, 1987) 
  - 
(Khan and 
Richardson, 1989) 
bioparticles 
  1000 < Ga < 15000  Mulcahy et al. (1978) 
  40-90 
Mulcahy and Shieh 
(1987) 
  10-50  (Harada et al., 1987) 
    Thomas et al. (1983) 
  2-100  (Nieuvostad, 1985) 
  40-81 
(Hermanowicz and 
Ganczarczyk, 1983) 
  2-190  Yu et al. (1997) 
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2.2 Biodegradation Kinetics 
Any chemical reaction is defined by its stoichiometry, equilibrium, and kinetics. 
Since most biochemical reactions, are irreversible, and treatment is based on oxidation 
and reduction reactions, only stoichiometry and kinetics are considered. 
2.2.1 Biodegradation 
Different kinds of microorganism with varying metabolic pathways, such as 
oxidation of organic compounds (heterotrophs), oxidation of inorganic compounds 
(autotrophs) and photochemical metabolism (photosynthetic bacteria) are used in 
biodegradation, with the general biodegradation processes explicitly specified as 
microbial metabolism and growth and nutrient uptake as shown in Table 2-6. 
 
Table 2-6 Biodegradation Processes 
Biodegradation
Microbial metabolism Growth and nutrient uptake
Metabolism pathway Kinetics 
Nutritional requirement Measurements 
Energy producation Results 
 
Like all chemical reactions, electron transfer controls the overall biochemical 
reaction, which is the only energy source. Bacteria benefit from the electron transfer 
between electron donors and electron acceptors, in order to support their five fundamental 
activities—synthesis and growth, motility, active transport, maintenance, and heat loss, 
which are also the only five methods of microbial energy consumption. Then 
Hermarnowicz illustrates a comprehensive view of the biodegradation process. 
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Figure 2-2 Energy convention of biodegradation (Modified from Hermarnowicz,2005) 
 
2.2.2 Kinetics of Activated Sludge 
Based on the above definitions, the basic concepts of biological processes with 
Monod Kinetics could be laid out here, (Rittmann and McCarty, 1980) 
Biomass growth (True yield),   
 ௗ௑ௗ௧ ൌ ߤ
ௌ
௄ೞାௌ ܺ െ ܾܺ        2.1 
Substrate biodegradation (Electron donors),  
 ௗௌௗ௧ ൌ െ
ଵ
௒ ߤ
ௌ
௄ೞାௌ ܺ      2.2 
Oxygen demand (Electron acceptor),  
ௗௌ೚
ௗ௧ ൌ
ଵି௒
௒ ߤ
ௌ
௄ೞାௌ ܺ ൅ ܾܺ       2.3 
where Monod biological growth kinetic parameters are defined as follows: S is the 
rate-limiting substrate concentration; X is the active biomass concentration; ߤ, is the 
maximum growth rate of bimass; Y is the maximum biomass yield (true yield) of 
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biomass synthesis; Ks is the half-velocity coefficient; t is the time; So is the oxygen 
concentration or equivalent; b is microbial decay rate. 
These equations express the kinetics of suspended microbial growth microbial and 
its suitability for the activated sludge system. There are many available tools to 
successfully simulate the activated sludge system, which are widely used in the industry.  
2.2.3 Biofilm Kinetics 
A biofilm is a layer-like aggregation of microorganisms attached to a solid surface. 
Different from a suspended-growth activated sludge system, the kinetics of substrate 
utilization and biofilm growth should include the diffusion process, which is usually the 
rate-limiting process, and is never considered in the activated sludge system. A general 
biofilm structure is illustrated in Figure 2-3. 
 
 
Figure 2-3 Biofilm structure (Van Loosdrecht et al., 1995a) 
Therefore, there are two processes that govern the overall performance of a biofilm 
(Rittmann and McCarty, 1980). First, the substrate utilization at any point in the biofilm 
is assumed to follow a Monod relation, and the kinetics equations are exactly the same 
with activated sludge, as shown above. 
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Secondly, the substrate transfer rate is given by Fick’s second law, 
ሺడௌడ௧ሻௗ௜௙௙ ൌ ܦ௙
డమௌ
డ௭మ      2.4 
where S is the rate-limiting substrate concentration; t is the time; Df is the 
molecular diffusivity of substrate in the biofilm; and z is distance to the biofilm surface. 
Several methods exist for solving diffusion equations for a biofilm system, such as i) 
the  effectiveness factor technique for steady state biofilms, ii)the pseudo-analytical 
technique for steady state biofilms, iii) the numerical technique – computer programs for 
non-steady state simulations, iv) Berkeley Madonna- a general ordinary differential 
equation solver for single culture / dual substrate kinetics, v) Aquasim – Special 
environmental system simulator, for one dimensional multiple substrate and multiple 
culture biofilms, vi) Aquafas – Multi culture and multi substrate biofilm simulation 
software (Macey et al., 2000; Reichert, 1994; Sen et al., 2007a). 
2.2.4 Nitrification 
 
Figure 2-4 Nitrogen pathways (Van Dongen et al., 2001) 
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Conventional nitrification 
In the nitrification process, ammonia is first oxidized to nitrite (NO2-) by several 
genera of autotrophic bacteria, known as ammonia oxidizing bacteria (AOBs), the most 
important being Nitrosomonas. Nitrite is then oxidized to the much less toxic nitrate 
(NO3-) by several other genera of bacteria including Nitrococcus, Nitrobacter, Nitrospira, 
Nitrospina, and Nitroeystis (Gujer, 2009). For nitrite oxidation in activated sludge, 
Nitrococcus was found to be quite prevalent(Dunn et al., 1985).  
Theoretically, two basic steps of nitrification were expressed with two basic 
chemical equations as (Tchobanoglous et al., 2003), 
NH4+ + 1.5O2 → NO2- + 2H+ + H2O  ΔG = -277.68 kJ/mol e donor 
NO2- + 0.5O2 → NO3-     ΔG = -74.14 kJ/mol e donor 
and for each gram of ammonia nitrogen converted, 4.57 g of O2 are utilized, of 
which 3.43 g O2 is for the first step, nitritation, and 1.14 g O2 for the second step, 
nitratation. When considering the ammonia for cell synthesis, 4.25 g O2 is used for 
oxidizing 1 g ammonia nitrogen to nitrate, and meanwhile 0.16 g of new cells are formed, 
7.07 g of alkalinity as CaCO3 is consumed, which is also lower than the theoretical  
alkalinity requirement of 7.14 g (Roels, 1983). Yields for AOBs and NOBs are 0.15 mg 
cells/ mg NH4+-N and 0.02 mg cell/NO2--N, respectively (Thalla et al.,2010). 
Partial nitrification 
Under normal conditions, the reaction of ammonia oxidation to nitrite is a velocity-
limiting step; in contrast, nitrite is oxidized rapidly to nitrate, so nitrite seldom 
accumulates in nitrifying reactors. In a partial nitrification process, however, nitrite 
accumulation is required, and the second step must be restrained so as to accumulate 
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AOB and washout NOB. The partial nitrification process is based on the fact that nitrite 
is an intermediary compound in both the nitrification and the denitrification steps: a 
partial nitrification up to nitrite is performed followed by nitrite denitrification(Fux et al., 
2002; Third et al., 2005). 
Compared to traditional nitrification denitrification via nitrate, the main advantages 
of partial nitrification with respect to complete nitrification were reported as follows (Van 
Dongen et al., 2001; Gal’ı et al., 2007):  
i) 25% lower oxygen consumption in the aerobic stage; 
ii) In the anoxic stage the electron donor requirement is lower (up to 40%); 
iii) Nitrite denitrification rates are 1.5 to 2 times higher than with nitrate; 
iv) 20% CO2 emission reduction; 
v) 33∼35% less sludge production in nitrification process and 55% in 
denitrification process. 
Anammox 
ANaerobic AMMonia OXidation (ANAMMOX) is a novel process in which nitrite 
is used as the electron acceptor in the conversion of ammonium to nitrogen gas 
(Chamchoi and Nitisoravut, 2007; Jetten et al., 2005). The ANAMMOX process offers 
great opportunities to convert ammonia in fully autotrophic systems with biomass 
retention. Unlike the denitrification process, no organic carbon is needed in such nitrogen 
conversion systems, since ammonia is used as the electron donor for nitrite reduction 
(Dapena-Mora et al., 2004; Gal’ı et al., 2007). 
The maximum volumetric ANAMMOX load of the reactor in 1990s was around 10 
kgNH4-N/m3 (Fux et al., 2002), which is showed by many researchers in lab scale. The 
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pilot in the Netherlands, carried out by Delft and Paque (Van der Star et al., 2007), also 
achieved 8 kgNH4-N/m3. Japanese researchers showed 25 kgNH4-N/m3 in their fixed 
media biofilm ANAMMOX reactor in 2005 (Tsushima et al., 2007). Another report in 
China showed that 40 kgNH4-N/m3 ANAMMOX load had been reached at normal 
temperature (Mahmood and Zheng et al., 2007). 
The final reaction for the Anammox could be described as 
1 NH4+ + 1.32 NO2- +0.066 HCO3- + 0.13 H+ =1.02 N2 + 0.26 NO3- + 0.066 CH2O0.5N0.15 + 2.03 H2O 
The ANAMMOX bacteria activity is 25 times higher than aerobic nitirifying 
bacteria oxidation of ammonium under anoxic conditions when using nitrite as the 
electron donor. Acetylene, phosphate, and oxygen are known to strongly inhibit 
ANAMMOX activity (Harhangi et al., 2006). 
The affinity constants for the substrates, ammonium and nitrite, were reported by 
early research in a sequencing batch reactor (SBR), and the limitation is 0.1 mgN/L, 
below which ANAMMOX process will be inhibited completely. In another study by 
Strous in 1999 (Jetten et al., 2001), data have shown that the ANAMMOX process was 
reversibly inhibited by the presence of oxygen. 
Anammox is inhibited completely at oxygen concentrations as low as 0.5% air 
saturation. Under oxygen limitation (<0.5% air saturation), a culture of aerobic and 
anaerobic ammonium oxidizers can be obtained (Kuenen, 2008). 
Denitrification 
In all heterotrophic denitrification reactions, one equivalent of alkalinity is produced 
per equivalent of NO3-N reduced, which equates to 3.57 g of alkalinity (as CaCO3) 
production per g of NO3-N reduced (Boaventura and Rodrigues, 1997). The amount of 
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COD needed to donate a sufficient amount of the electron donor for nitrate removal 
depends on the system's operating conditions and the type of electron donor. According 
to Metcalf and Eddy (2003), this amount can be calculated by 
  େ୓ୈ୒୓యି୒ ൌ
ଶ.଼଺
ଵିଢ଼౥ౘ, where Yob is the observed yield. 
Simultaneous Nitrification Denitrification (SND) 
Simultaneous nitrification-denitrification (SND) is the conversion of ammonium 
ions to nitrogen gas in a single bioreactor. Normally autotrophic nitrification and 
heterotrophic denitrification occur within microbial biofilms and flocs due to the oxygen 
gradient that is established across the biomass (von Munch et al., 1996). Nitrifiers are 
active in the areas of high dissolved oxygen (DO) concentration in the outermost zone of 
the biofilm or flocs whereas denitrifiers are active in the low DO concentration areas, 
mostly at the core of the flocs of biofilm (Yilmaz et al., 2008a). The uneven DO 
distribution inside the biomass allows simultaneous proliferation of nitrifying and 
denitrifying bacteria. Ammonium is hydroxylated to hydroxylamine by ammonium 
mono-oxygenase under aerobic conditions and subsequently, hydroxylamine is oxidized 
to nitrite. Finally, nitrite is directly transformed into N2. Complete oxidation of ammonia 
to nitrate occurs in the outermost portion of the biofilm and subsequently the conversion 
of nitrate to nitrogen gas can also occur in the biofilm(Seifi and Fazaelipoor, 2012), 
which is considered a SND process as well. 
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2.3 Biomass yield 
2.3.1 True Yield 
Commonly, the energy consumption for bacterial growth can be calculated using 
Gibbs free energy changes for a pair of half reactions (one for the electron donor and one 
for the electron acceptor). The thermodynamic yield is determined using the energy 
available from the three main processes involving the electron donor and the electron 
acceptor. The three processes in biological nutrient removal include aerobic heterotrophic 
COD biodegradation, heterotrophic denitrifciation, and autotrophic nitrification. Since the 
maximum growth rate of autotrophs in the multi-species biofilm is much lower than for 
heterotrophs, the yield contribution of autotrophs could be neglected. In the anoxic COD 
biodegradation process, 80% of the aerobic true yield can be assumed (Choubert et al., 
2009; Muller et al., 2003).   
True Yield of Acetate as Substrate 
Improved thermodynamic yield models were published by VanBriesen (2006),  
McCarty (2007) (2007), and Xiao and VanBriesen (2008). It is suggested that 
experimental data and model estimates should be both considered to determine the 
theoretical maximum yield.   
Considering the degradation pathway (requiring oxygenase- or oxidase-catalyzed 
reactions), the true yield was predicted to be 0.446 mol-C cells(C5H7O2N) /mol-C acetate 
at pH 7 with NH3 as the nitrogen source, and the average yield was 0.420 mol-C 
cells/mol-C acetate (0.406, 0.456, 0.41, 0.44, 0.389, 0.471, 0.368) reported by Rutgers 
(1990), Verduyn (1991), Heijnen (1992), Andrews  (1993), Linton (1978), Birou (1987), 
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vonStockar (1999) respectively. Accordingly, the true yield value of 0.446 mol-C 
cells/mol-C acetate was selected as  
0.446 ௠௢௟	஼	௖௘௟௟௦௠௢௟	஼	௔௖௘௧௔௧௘ ൈ
ଶଶ.଺	௠௚	௏ௌௌ
௠௢௟	஼	௖௘௟௟௦ ൈ
௠௢௟	஼	௔௖௘௧௔௧௘
ଷଶ	௠௚	஼ை஽ ൌ 0.315	ܸ݉݃ܵܵ/݉݃ܥܱܦ , which is 
lower than the bioenergetics analysis value of 0.42 mg VSS/mg COD without oxygenase 
involvement (McCarty, 1965). To summarize, the true yield of aerobic heterotrophs (Ymax) 
was estimated at 0.315 mgVSS/mgCOD, the true yield of anoxic heterotrophs was 
estimated at 0.252 mgVSS/mgCOD, and the yield of autotrophs was neglected. 
2.4.1.2 True Yield Revision 
Generally, the true yield is indisputable for specific substrates as it is based on 
stoichiometry. However, two recent studies might provide some evidence for lower 
values.  
Biofilm cooperation, which might raise the transfer efficiency of energy flow 
outside the cells above the common value of 0.6 as electrons, enzymes, and other 
nutrients are shared inside robust activated biofilms (Brockhurst et al., 2006; Xavier and 
Foster, 2007). 
The other mechanism reported for reduced true yields is called uncoupling 
metabolism, or energy spilling. The idea is to separate catabolic and anabolic reactions, 
and encourage catabolism and dissipation of energy for anabolism without reducing the 
removal rates of organic substrates (Russell and Cook, 1995; Senez, 1962). This could be 
achieved by chemical uncouplers such as pNP (para-nitrophenol), dNp (2,4-
Dinitrophenol), TCP (2,4,5-Trichlorophenol) and mCP (2-methyl-4-chlorophenol) 
(Aragon et al., 2009; Chen et al., 2002; Okey and Stensel, 1993; Strand et al., 1999). One 
modified activated sludge system called oxic-settling-anaerobic system has been shown 
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to reduce sludge yield to 0.13 - 0.29 kg SS/kg COD, and it was explained by their 
proposed energy uncoupling theory (Chudoba et al., 1992).  
2.3.2 Observed Sludge Yield  
For steady-state systems, sludge retention time (θc) is inversely related to the 
specific growth rate. It has been demonstrated that the relationship between observed 
sludge yield (Yob) and sludge retention time can be described by the following expression 
(Lawrence and McCarty, 1970), 
ଵ
௒೚್ ൌ
ଵ
௒೘ೌೣ ൅
ఏ೎௕
௒೘ೌೣ         2.5 
where b is usually described as microbial endogenous decay in activated sludge 
systems.  
The second part on the right hand side represents the maintenance energy (or 
bacterial decay), and can also be expressed as m/µ, which is called Roaels’ equation 
(Roels, 1983), where m is maintenance energy and μ is specific growth rate of bacteria. 
Solid retention time (SRT) is defined for activated sludge systems, where the multi-
species biomass is completely mixed. However, biofilm detachment always starts from 
the outside surface, so the sludge age of different microbial groups varies. The sludge 
contribution of autotrophs can be neglected, as explained before, and the sludge age at 
steady-state should be suitable for use in equation 2.5. 
It is well known that increasing SRT can reduce sludge production in biological 
wastewater treatment processes. With a constant amount of substrates and longer SRTs, it 
would be theoretically possible to reach a situation in which the majority of substrates is 
consumed by the maintenance demand of biomass (Hao et al., 2010; Van Loosdrecht and 
Henze M., 1999; Low and Chase, 1999) . 
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Another important and complex parameter is microbial “decay” b. The enhanced or 
encouraged microbial decay and predation play key roles in the study of biomass yield. 
The following two ideas are crucial for understanding the low biomass yields of the 
bioparticle system, which are technically reinforced by the slow bioparticle circulation in 
the CFBBR. 
Lysis-cryptic growth 
When substrate released from cell lysis , called autochthonous substrate, was 
allowed to be reused in microbial metabolism, biomass growth was distinguishable from 
growth on the feed organic or on autochthonous substrate (Yang and Guo-ping, 2009). 
This Lysis-cryptic growth consists of two stages, lysis and biodegradation. When the 
limiting step, lysis, is effectively increased, an overall reduction of sludge is achieved. 
Some physical or chemical methods, such as thermal, alkaline, acid, and ozonation, 
have been widely researched (Hamer, 1985). There are some reports about zero sludge 
wastage (Yasui and Shibata, 1994) that claimed that this can be directly attributed to 
lysis-cryptic growth. Bioparticle processes have the potential to encourage lysis, since 
high volumetric loading caused by large specific surface area and relative lower surface 
loading are usually achieved simultaneously.  
Worm predation 
The extremely low biomass production rate on the bioparticle is usually coupled 
with the occurrence of a large amount of aquatic worms (belonging to Oligochaeta). This 
signals the existence of strong predation increasing the possibility to use the bioparticle 
reactors to culture worms or macro-consumers other than micro-consumers, similar to 
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activated sludge (Buys et al., 2008; Lee and Welander, 1996a; Wei, 2009; Zhao et al., 
2010) and biofilms (Matz et al., 2005; Parry, 2004; Tian et al., Wei, 2006; White and 
Findlay, 1988; Zubkov and Sleigh, 1999) recently.  
Back in the 1990s, one predatory two-stage activated sludge system was reported to 
achieve a remarkably low apparent sludge yield between 0.01 to 0.23 kg TSS/kg COD 
removed (Lee and Welander, 1996b). The idea behind this two-stage system was using 
feast-famine conditions, with high COD loading in the first stage and low loading 
associated with a large amount of predators in the second stage. The occurrence of 
macro-consumers, i.e. Oligochaeta, implies lower biomass yield, since the loss of energy 
will increase with the length of the food chain (Kreft and Bonhoeffer, 2005). 
It was reported that lower shear force in biofilm systems could help the 
proliferation of earth worms (Menniti and Morgenroth, 2010). However, the problems of 
Oligochaeta control limit industrial application, and many researchers and engineers are 
trying to find a feasible way to remedy unstable worm growth. It should also be pointed 
out that biomass mineralization might cause more CO2 emission and nutrient release, 
especially phosphorus release, so the trade-off between sludge reduction and 
mineralization should be considered. 
2.4 Bioparticle Technology 
Bioparticle technology is a promising biofilm technology, and it is known to 
achieve significant reduction in the footprint of bioreactors, since it offers larger specific 
surface area over other biofilm technologies such as trickling filters, moving bed biofilm 
reactors, and biofilters. Bioparticle processes also have potential to decrease the running 
costs by reducing excess sludge production and utilizing alternative electron acceptors 
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(nitrate) rather than oxygen. Furthermore, the predation process could also be encouraged 
by long biomass retention time, which plays an important role in reducing sludge 
quantities (DeLeo and Baveye, 1997; Welander and Lee, 1994; White and Findlay, 1988), 
as thick biofilm and granular sludge provide the optimal conditions for the growth of 
protozoa and metazoan (Matz et al., 2005; Ni et al., 2010b; White and Findlay, 1988). 
2.4.1 Aerobic Bioparticle Process and Application 
There are two main forms of aerobic bioparticle processes: aerobic granular sludge 
and particle supported biofilms (Nicolella et al., 2000b). Figure 2-5 demonstrates the 
different types of bioparticles.  
 
Figure 2-5 Bioparticle appearance graph for wastewater treatment, a) granular sludge b) 
bioparticle from CFBBR c) biomass aggregation 
There have been numerous studies on the applications of bioparticle processes, such 
as fluidized beds (Weber Jr, 1978), air lift reactors (Heijnen et al., 1993), and granular 
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sludge sequencing batch reactors (Yilmaz et al., 2008a) for biological nutrient removal, 
as shown in Figure 2-6. 
 
Figure 2-6 Lab scale and pilot bioparticle reactors (Sánchez Sánchez et al., 2010) 
 
Some industry applications of aerobic bioparticle technology along with their 
typical loadings are listed here: 
i) Fluidized bed,  OXYTRON, ANYTRON, Dorr-Oliver, US,  10.5 kgCOD/m3 d  
(Sutton et al., 1999); 
ii) Air lift reactor, CIRCOX, Paques, Netherland, 4-14 kgCOD/m3 d  (Frijters et al., 
1997); 
iii) Aerobic granular sludge, developed by the University of Queensland, 2.7 
kgCOD/m3 d, 0.43 kgN/m3 d (Yilmaz et al., 2008a); 
iv) Sequencing Batch Biofilter granular sludge (SBBGR), Italy, 6 kgCOD/m3 d, 
Yob=0.07gTSS/gCOD (Sánchez Sánchez et al., 2010). 
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2.4.2 Circulating Fluidized Bed Biofilm Reactor  
The CFBBR system mainly consists of a riser column (anoxic bed) and a downer 
column (aerobic bed), which are named according to the direction of the particles' 
movement; a liquid-solid separator is placed on the top of the downer (downer freeboard) 
to avoid bioparticle washing out of the system (Cui et al., 2004b).   
Natural zeolite and lava rock with an average size of 700 microns (0.7 mm), which 
provide a specific surface area of about 4000 m2/m3 after biofilm development, are used 
as carrier media (Andalib et al., 2011). The riser operates in the circulating (fast) 
fluidization regime, which is a class of liquid-solid fluidized beds with high liquid upflow 
velocity and solid circulation rates, with the liquid mixture of the feed and the recycle 
from the downer freeboard to provide enough liquid flowrate to entrain the bioparticles in 
the riser. In the downer, bioparticles are fluidized by the recirculated liquid from the 
downer freeboard and air in the downer, which is operated in the conventional 
fluidization regime. Nitrate recycled from the Downer diffuses deeper in the biofilm than 
oxygen, and this coupled with the carbon from the wastewater results in thick biofilms in 
the riser. Subsequently the rich bioparticles would wash out from the Riser to the 
Downer. In the Downer, just after leaving the Riser, bioparticles are transparent and 
cottony spherical bioparticles, which provide a perfect micro-environment for worms to 
develop(Wei, 2006). Then they become darker and denser, and some red thread worms 
(Oligochaeta) develop, as shown in Figure 2-1c and d; their diameter begins to decrease 
and the density begins to increase due to the higher shear stress as a result of aeration and 
predation.  At the bottom of the Downer, the biofilm becomes so thin that large 
Oligochaeta disappear, leading to a drop in predation activity (Chatarpaul et al., 1980), 
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which is termed deactivation.  Particles are then recirculated from the bottom of the 
Downer to the riser and the cycle is repeated. This bioparticle recirculation, termed 
Bioparticle Enrichment Predation (BEP), is shown schematically in Figure 2-7e.  The rate 
of bioparticle recirculation from the downer to the riser, controlled mechanically either by 
valves in the lab and pilot-scale units, or by airlift pumps in full-scale systems, is used to 
control the biofilm thickness (Li et al., 2012).   
The instrumentation required for bioparticle recirculation control are pressure 
sensors in both the Downer and Riser while DO and ORP measurements are needed to 
control oxygen and nitrate recirculation rates. 
Figure 2-7 Conceptual diagrams of Circulating Fluidized Bed Biofilm Reactor (CFBBR) 
and Bioparticle Enrichment Predation(BEP) circulation a) Schematic of CFBBR b) Real-
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time pictures of bioparticles in the Riser and the Downer c) Bioparticle samples with red 
worms d) Aquatic worms under microscope (×200) e) Schematic of BEP circulation. 
2.5 Bioparticle Control 
The growth of bioparticles could be controlled based on outside physical 
mechanical force or inside biological mutual effects of the ecosystem. The latter has 
raised much concern recently and many researchers are trying to establish different kinds 
of predation systems for biological processes (Lee and Welander, 1996b; Tian et al., Wei, 
2006). The shear stress has a significant impact on profile bioparticles, since the sensitive 
biomass of the bioparticle could be easily impacted by hydrodynamic characteristics of 
the reactor. 
2.5.1 Biofilm Development 
Biofilm development process 
Because of the complexity of biofilm formation, some researchers unveiled that 
several steps could be distinguished for aggregation - attachment, microcolonization, 
biofilm maturation and dispersion (Liu and Jansson, 2010). They also demonstrated that 
several mechanisms can be implicated in biofilm regulation such as genetic mechanisms 
(Strevett and Chen, 2003), Derjauin-Landau-Verwey-Overbeek (DLVO) theory 
(Hermansson, 1999) and microbial surface thermodynamics (Strevett and Chen, 2003). 
The initial surface attachment is classified into a physical phase, which is usually 
reversible, microcolonization, and biofilm adhesion during bioreactor start-up which are 
time-dependent processes with irreversible molecular and cellular phases (Tielen et al., 
2010). For the purpose of application, environmental researchers and engineers generally 
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focus on the biofilm maturation and dispersion steps, because these two steps represent 
the performance and the characteristics of different bioreactors. Thus, this research would 
only focus on biofilm maturation and dispersion. 
Net growth and detachment 
Essentially, a biofilm tends to become a heterogeneous, porous structure, which is 
balanced by shear forces. The biofilm external structure is therefore the result of a 
balance between attachment, detachment and growth processes. The effect of surface-
specific substrate loadings and shear cannot be seen independently, as the biofilm 
structure will be influenced by the ratio between the two rather than each one individually. 
The following factors will influence both processes,  
i) Detachment, including level of shear, observed biomass growth rate, and 
presence of protuberances; 
ii) Growth and decay, including substrate loading rate, biomass yield, biomass 
density, and biomass decay. 
The various factors influencing the biofilm structure and their relationship have 
been schematically summarized in Figure 2-8. 
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Figure 2-8 Influence of process conditions on biofilm structure (modified from Van 
Loosdrecht et al., 1995a) 
2.5.2 Microbial Communities 
Biofilm metabolic processes can be classified at two levels: cell level and 
community level (Hao et al., 2010). Generally, the dominant species of bacteria 
determines the main function of a microbial group, like biodegradation in the activated 
sludge system. Recently, with the rapid development and application of biofilm 
technologies, an increasing numbers of researchers have begun to focus on the microbial 
communities, which are usually more related to the bioreactors’ capacity, efficiency, and 
robustness. 
Biofilm cooperation, microbial ecosystem, and the evolution of group and micro 
food web have elicited the interest of many scientists and engineers in recent years (Kreft 
and Bonhoeffer, 2005; Xavier and Foster, 2007). Engineers have exploited many 
remarkable  biofilm processes for sludge minimization, the mathematical modeling of 
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which remains mainly at a black-box level (Hao et al., 2010). The gap between 
microbiological processes and the reality of engineering might be caused by the lack of 
effective methods for controlling the ecosystem. 
 The bioparticles, acting as a microbial community, have complicated multi-species 
as well as physical structures. The main species of the ecosystem are listed in Figure 2-9, 
which shows three heterotrophs (OHOs, PAOs, and GAOs) for carbon biodegradation 
and denitrification, two autotrophs (AOB and NOB) for two-step nitrification, and 
predators (protozoa, metazoa, macro-consumers). An effective method of controlling the 
number of species would bridge the gap between biological research and industrial 
application. 
 
 
Figure 2-9 Microbial community of bioparticle for biological nutrient removal 
 
Many researchers have struggled with biofilm control technologies in order to 
manipulate the complicated small ecosystem. The fluidized bed has been proven to be an 
effective way of achieving this purpose. However, the unpredictable hydrodynamics of 
OHOs (ordinary heterotrophic organisams), 
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three-phase systems limits its application, and there is a lack of detailed physical 
understanding and predictive methodology for the design and optimization of such 
systems (Cui and Fan, 2004). 
2.5.3 Shear Stress 
To achieve optimal performance of bacteria inside the bioparticles, shear force has 
been proven to be an effective and crucial way to control the thickness and density of 
biofilm. 
Erosion and sloughing 
Erosion and sloughing are the two main types of detachment phenomena. Efforts 
have been made to avoid biomass sloughing since the big block loss of biomass would 
cause instability and unpredictable performance of bioparticles (Kwok et al., 1998). It has 
been found that anaerobic conditions inside thick biofilm (Van Loosdrecht et al., 1995b) 
and nutrient starvation (Hunt et al., 2004) are the two dominant reasons for biomass 
sloughing. It is proposed that maintaining certain erosion activities amongst bioparticles 
would help to avoid sloughing processes,  because the erosion processes play a key role 
in controlling biofilm thickness and in balancing the ecosystem of bioparticles. For 
fluidized bed bioreactors, three external shear forces should be highlighted as the 
dominant driving forces for erosion: hydrodynamic shear, collision shear and air bubble 
shear. 
Rate of shear stress 
Biomass loss mechanisms, such as sloughing and exchange caused by shear stress 
could be important in determining the total biofilm loss rate and the steady-state thickness. 
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The common method for describing biofilm loss rate caused by shear stress is the first-
order loss term that is of the same form as the decay. For example b'= bdecay + bshear. Thus, 
the steady-state biofilm model can also be applied directly when shear-stress losses are 
significant.  
Hydrodynamic shear 
Hydrodynamic shear is easily calculated using equation 2.6 (Rittman, 2004), which 
is widely accepted for biofilm fluidized beds with single particle size, 
σ	 ሾሺ஡౦ି஡౭ሻሺଵି஫ሻ୥ሿୟ        2.6 
in which 
 ρp = particle density, g/cm3; 
 ρw = water density, g/cm3; 
 g =980 cm/s2; 
 ε = bed porosity; (compact bed of bare particles) 
 a = specific surface area of the biofilm carrier, cm-1; 
 σ = hydrodynamic shear force, dyn/cm2. 
Trulear and Characklis (1979) were the first to publish the relation between 
biofilm-shear-loss rate and rotational speed (ω) using an annular biofilm reactor (Trulear 
and Characklis, 1982). Later, Rittmann and McCarty (1980) reformed Trulear and 
Characklis’s equation based on experimental results (Rittman, 2004), as a function of 
shear stress σ rather than the rotational spead ω, 
For Lf > 0.003 cm,  
bshear = 8.42 x 10-2 x σ0.58       2.7 
For Lf < 0.003 cm,  
bshear =  . 8.42 x 10-2 x ൬ σଵାସସଷ.ଶሺ௅೑ି଴.଴଴ଷሻ൰
଴.ହ଼
    2.8 
Chapter 2. Literature review                                                                                           43 
 
Lf = biofilm thickness, cm. 
Collision shear 
Many different types of reactors have been developed over the years, which include 
fixed film reactors, trickling filters, rotating biological contactors, submerged biofilters 
and fluidized bed reactors. Among the attached growth biological treatment processes, 
hydrodynamic shear works well with fixed carrier systems such as trickling filters, 
rotating biological contactors, and biofilers. In fluidized bed bioreactors, shear stress, 
which is firmly related to collisions among bioparticles, becomes the major drag force in 
accordance with the bed porosity (Richardson and Zaki, 1958). 
Chang (1991) published the relation of bs, detachment rate (unit, d-), and particle-
to-particle attrition, which are proportional to bed porosity and turbulence, and he derived 
equation 2.8 which fit the experiment results quite well (Chang et al., 2004). The results 
are based on the two-phase (liquid solid) fluidized bed bioreactor without aeration. A 
similar concept of collision shear force was presented by Shieh and coworkers (Shieh et 
al., 1981; Shieh, 2004). 
bs  = -3.14 + 0.0335 Cp + 19.3Re – 3.46σ      2.9 
in which, σ is hydrodynamic shear force (dyn/cm2); 
   Cp is the bare particle concentration (g/cm3); 
  Re is the Reynolds number, calculated as, ܴ௘ ൌ ௗ್ఘೢ௩ఓ  , 
where db is the average diameter of bioparticles, cm, 
 ρw is the density of water, g/cm3, 
 v is the superficial upflow velocity of water, cm/s, 
 µ is the viscosity of water, g/(cm s). 
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Air bubbles shear 
However, the fluid dynamic characteristics of three-phase fluidized beds, also 
called bubble columns, have a significant effect on their operation and performance. 
Because of the complex turbulence due to aeration, there is no effective way to quantify 
the shear stress accurately. It was reported that the detached biomass could be 10 to 100 
times higher than that in two-phase fluidized beds-sometimes up to 15 d-1 (Trinet et al., 
1991).  
Gas upflow velocity 
Some researchers used gas upflow velocity to identify the shear effect of air 
bubbles, but it is also important to make sure that the bubble regime is a homogeneous 
bubble flow regime, not a slug flow regime or a churn-turbulent regime. The 
differentiation of different bubble regimes could follow Figure 2-10. 
 
Figure 2-10 Flow regime map for bubble columns (Deckwer et al., 1980) 
 
Energy dissipation 
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Another way to quantify the shear stress of a three-phase fluidized beds is with the 
energy dissipation model. The intensity of turbulence and the shear rate (or velocity 
gradients) in a fluid are dependent on the rate of energy dissipation. An energy-
dissipation analysis established by Ganzeveld et al was adopted to evaluate the energy 
input and dissipation rate, and to characterize the shear rates in a bioreactor (Garc’ıa et al., 
1997; Ren et al., 2009). One simulation of shear force using the energy dissipation model 
illustrated the contribution of different types of shear stresses, with air-induced shear 
force being much greater than hydraulic induced shear force, as shown in Figure 2-11. 
 
Figure 2-11 Proportion of the collision, the bubble, and the hydraulic shear (Ren et al., 
2009) 
When the superficial gas velocities shift from the bubbly flow regime to the 
turbulent flow regime, the turbulence in the liquid-phase is mainly induced by the 
bubbles. Comparing with the liquid shear-induced turbulence, bubble-induced turbulence 
is dominant in turbulence generation at high superficial gas velocity (Cui and Fan, 2004). 
Turbulence, represented by Reynolds number, and energy dispersion analysis could help 
to quantify the effects of shear stresses. Many researchers are still trying to improve the 
practical applications of shear force control by the two methods, especially for the 
Chapter 2. Literature review                                                                                           46 
 
aeration processes and multi-control biofilm systems (Chisti and Moo-Young, 2004; Di 
Iaconi et al., 2005; Ren et al., 2009). It is also apparent that the wall shear can decrease 
with bubble size (Drews et al., 2009). 
With a certain residence time in the Riser and the Downer for CFBBR, the upflow 
velocity could be controlled according to height. In the Riser, the shear force could only 
be changed in a narrow range because of a two-phase fluidized bed, while in the Downer, 
the shear force could be varied in a wide range with the help of aeration. 
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Chapter  3 Materials and Methods 
 
In this chapter, the materials involved in this research, namely bioreactors, 
particulate media, and synthetic wastewater, will be described, and all the methodologies 
used throughout this research will be introduced. 
3.1 Materials 
3.1.1 Reactors 
4.3-L lab-scale CFBBR 
One 4.3-L lab-scale plexiglass CFBBR (shown in Figure 3-1) was fabricated in the 
laboratory. The reaction zone consisted of two columns, the riser column (0.98 L) and the 
downer column (3.34L). The riser column was operated as an anoxic reactor and the 
downer column was operated as an aerobic reactor.  
i) Dimensions 
The detailed dimensions of the CFBBR, shown in Table 1, were designed to create 
variation in the fluidized regimes. In the Riser reaction column, the consideration of two 
sections, with the smaller diameter on top, allows the upflow velocity to increase in the 
top part, achieving fast bioparticle fluidization and enhancing transfer out to the Downer. 
Freeboard zones are established in both Riser and Downer to avoid bioparticle washing 
out from the system. 
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Figure 3-1 CFBBR lab scale reactor for particle circulation 
 
ii) Operational conditions 
The CFBBR was charged with 400 g of fresh lava rock particles, and particle 
circulation was conducted between the Riser and the Downer. In the Riser, when 
bioparticles entered the narrow top section, upflow velocity almost doubled, and as a 
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result the bioparticles moved into the Downer, while particles in the Downer were 
manually let back to the Riser weekly by opening the Downer-Riser connection valve, as 
shown in Figure 3-2. The operational upflow velocity is shown in Table 3-1  Dimension 
of 4.3L CFBBR and Fluidized Regime. Bare particle circulation rates varied from 3 g/d 
to 7 g/d, and overall Riser bioparticles alternation cycle was between one to two weeks. 
During this slow solids circulation process, the amounts of bare particle in the Riser and 
the Downer varied from 30-45 g and 355-370g respectively.  
    
Table 3-1  Dimension of 4.3L CFBBR and Fluidized Regime 
 Sections Volumea
L 
Diameter 
mm 
Flow  ml/min Upflow 
velocity 
cm/s 
Fluidized regime 
Feed D-R 
flow
D-D 
flow 
Riser Bottom 
column 0.51 25.4 33 
132-
200 - 
0.54-
0.77 
Conventional 
fluidization 
Top 
column 0.47 19.05 33 
132-
200 - 
0.97-
1.36 
Turbulent or fast  
fluidization 
Freeboard 14 152.4 - - - - Dead zone 
Downer Reaction 
column 3.34 50.8 - - 
1250-
1400 
1.03-
1.15 
Conventional 
fluidization 
Freeboard 14 152.4 33 132-200 
1250-
1400 
0.13-
0.15 
Fixed-bed (VSS 
does not settle) 
Others Pre-
aeration 
tank 
12 100x250 33 - 1250-1400 - 
3 phases 
fluidization 
Settling 
tank 
(in mode 
II & III) 
16 265 33 - - - 
VSS barely settle
 
a The volume is the effective volume, not including the part above water level. 
b The settling tank does not working as expecting, due to high recirculation rate for 
fluidization. 
 
 
Chapter 3. Materials and Methods                                                       63 
 
 
Figure 3-2 Operational condition of 4.3-L CFBBR 
iii) Detailed configuration of 4.3-L CFBBR 
The CFBBR system mainly consists of a riser column (anoxic bed) and a downer 
column (aerobic bed), which are named according to the direction of particle movement. 
A liquid-solid separator is placed on the top of the downer (downer freeboard) to avoid 
bioparticle wash out of the system. The riser operates in the circulating (fast) fluidization 
regime, which is a class of liquid-solid fluidized beds with high liquid upflow velocity 
and solid circulation rates, with the liquid mixture of the feed and the recycle from the 
downer freeboard to provide enough liquid flowrate to entrain the bioparticle in the riser. 
In the downer, bioparticles are fluidized by the recirculated liquid from the downer 
freeboard and air in the downer, which is operated in the conventional fluidization 
regime. The authors used an outside aeration tank in this study instead of aeration inside 
in order to minimize shear force caused by air bubbles, as shown in Figure 1. Since the 
substrate was fed to the riser bottom, the carbon source in the riser was abundant, and 
strong denitrification took place based on the continuous nitrate liquid recirculation from 
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the downer. To achieve the required effluent COD and NH4+-N concentrations, the 
downer is generally operated under a famine or carbon-limiting conditions, which 
resulted in achieving complete nitrification and COD biodegradation. 
In the CFBBR, the Riser and Downer could be utilized to achieve different BNR 
functions. Furthermore, it is convenient to control bioparticle circulation between anoxic 
and aerobic environments or feast and famine conditions, through which favorable 
biofilm for bacteria or predators could be established dynamically in the CFBBR. Due to 
varying shear stresses and substrate conditions in the CFBBR system, various microbial 
communities are established in the Riser and Downer columns depending upon the 
position of bioparticle. 
8.5-L lab-scale CFBBR 
As shown in Figure 3-3, one plexiglass lab scale CFBBR was established in the 
laboratory, and the reactor mainly consisted of an anoxic column (2 L) and an aerobic 
column (6.5 L).  
This 8.5-L CFBBR was used for improved bioparticle circulation study, including 
the pseudo-steady-state of worm predation, bioparticle circulating rate study in the third 
year and fourth year.  
i) Dimensions  
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Figure 3-3 CFBBR lab scale reactor for particle circulation 
8 6 
7 
10 
11 
12 
5 
4 
3 
2 
1 Riser bottom section, 
2 Riser middle section, 
3 Riser top section, 
4 Downer section, 
5 Freeboard, 
6 D-D circulation pump, 
7 D-R circulation pump, 
8 Particle circulated pipes, 
9 Feed water inlet, 
10 Effluent water outlet, 
11 Top Air inlet, 
12 Bottom Air inlet. 
 
1 
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A liquid-solid separator was installed on the top of the aerobic column to avoid 
bioparticle wash out of the system. Sieved natural zeolite particles with an average 
diameter of 1000 μm (800–1200 μm) were used as bare particles for biofilm attachment, 
and the reactor was initially charged with 1200 g of natural zeolite particles-200 g in the 
Riser and 1000 g in the Downer. The bulk (based on porosity of the packed media) 
density of particles was approximately 0.88 kg L-1 with a true density (the ratio of sample 
mass to its true volume) of 1.73 kg L-1 and surface area of bare particle 15.5  m2 g-1 
determined with BET instrument (Micromeritics ASAP 2010; Micromeritics, USA). 
Bioparticles circulate between the anoxic column and the aerobic column, which 
are named as the Riser and the Downer respectively based on the direction of bioparticle 
movement. The Riser has three sections with different diameters, with the smallest at the 
top, which allows the upflow velocity to increase in the top part, enhancing particles 
transfer to the Downer, and the bottom section is designed smaller than the middle 
section to ensure a higher up flow velocity that maintains fluidization of the recirculated 
thin biofilm particles from the bottom of the Downer. There is a freeboard section on the 
Downer top, which is designed for outside aeration and bioparticle separation. .  
ii) Operational conditions 
8.5-L CFBBR was operated at room temperature (20±2°C) and synthetic acetate 
based wastewater was used as the substrate, characterized by a COD to nitrogen ratio of 
10:1 typical of municipal wastewater, as shown in Figure 3-4. 
Both anoxic and aerobic beds were fluidized by recirculation of liquid flow from 
the liquid-solid separator top. The upflow velocities of the Downer and Riser are shown 
in Table S1. In the Riser, when bioparticles entered the narrow top section, upflow 
velocity increased almost threefold from 0.59 cm s-1 to 1.63 cm s-1, and as a result the 
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bioparticles moved into the Downer, while 50 g of bare particles in the Downer were 
manually every 12 hours (twice a day) returned back to the Riser daily by opening the 
Downer-Riser connection valve. Bare particle circulation rate from the Downer to the 
Riser, determined by measuring the weight of cleaned bare particles, trapped between the 
two valves on the connection tube, was 100 g d-1 after drying at 550 °C for 1 hour, and 
the amounts of bare particle in the Riser and the Downer varied from 150-250 g and 950-
1050 g respectively. 
To avoid strong biofilm sloughing caused by the air bubbles in the Downer, both 
internal and external aeration were employed. The air flow-rate of the internal coarse 
bubble aeration (Figure 3-3 #12) was 50 NL min-1 to maintain similar turbulence as fine 
bubble large scale aeration tank, and external aeration in the liquid-solid separator (Figure 
3-3 #11) was responsible for supplying enough oxygen to the bioparticles in the Downer. 
The concentration of dissolved oxygen in the Downer effluent was around 1-3 mg L-1. 
Since there was no sludge wastage in the whole system, the majority of biomass 
adhered to the bioparticle and some detached biomass was lost in the reactor effluent 
because of relative high upflow velocity (0.1 cm s-1 in the liquid-solid separator) for 
suspended biomass. 
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Figure 3-4 Operational conditions of 8.5-L CFBBR 
 
Table 3-2  Dimension of 8.5-L CFBBR and Fluidized Regime  
 Sections 
Volume* 
L 
Diameter 
mm 
Flow  L/d Upflow 
velocity 
cm s-1 
Feed 
D-R 
flow 
D-D 
flow 
Riser 
Top section 0.47 19.05 100 400 - 1.63
Middle 
section 
1.02 19.05 100 400 - 0.59 
Bottom 
section 
0.51 25.4 100 400 - 0.91 
Downer 
Reaction 
column 
6.5 50.8 - - 1600 0.91 
Others Freeboard** 14 152.4 100 400 1600 0.10
* The volume is the effective volume, not including the part above water level. 
** Thus, Vr = 2 L, Vd = 6.5 L, Vf = 14 L, Vtotal = Vr + Vd + Vf = 22.5 L 
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6-L lab-scale CFBBR 
As shown in Figure S1 (Supplementary data), one plexiglass lab scale CFBBR was 
setup at the Adelaide Water Pollution Plant in London, ON, Canada, and the reactor 
mainly consisted of an anoxic column (1 L) and an aerobic column (4.8 L).  
This 6-L CFBBR was established for improved bioparticle circulation study, 
including the pseudo-steady-state of worm predation, and bioparticle circulating rate 
study in the third year and fourth year.  
i) Dimensions 
A liquid-solid separator was installed on the top of the aerobic column to avoid 
bioparticle wash out of the system. The detailed dimensions of the CFBBR are shown in 
Table 3-3. 
 
  
Figure 3-5 lab-scale 6L CFBBR for municipal wastewater experiment （A）picture 
of CFBBR in transportation (B) picture of CFBBR in real-time operation.  
A) B) 
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Table 3-3  Dimensions of 6-L CFBBR and Operational upflow velocities 
 Sections 
Volume* 
L 
Diameter 
mm 
Flow  L/d Upflow 
velocity 
cm s-1 
Feed 
D-R 
flow 
D-D 
flow 
Riser 
Reaction 
column 
0.96 25.4 40 400 - 0.63 
Downer 
Reaction 
column 
4.75 63.5 - - 2000 0.66 
Others Freeboard** 12 152.4 40 400 2000 0.18 
* The volume is the effective volume, not including the part above water level. 
** Thus, Vr = 1 L, Vd = 4.8 L, Vf = 12 L, Vtotal = Vr + Vd + Vf = 17.8 L. 
 
ii) Operational conditions 
The operational temperature of the system varied from 14°C to 24°C during March 
to September, and the reactor ran continuously for 150 days. The degritted municipal 
wastewater was fed directly from the wastewater channel after the grit chamber. 
Both anoxic and aerobic beds were fluidized by recirculation of liquid flow from 
the liquid-solid separator top. In the Riser, the bioparticles moved into the Downer, while 
around 50 g of bare particles in the Downer were manually every 7 days (once a week) 
returned back to the Riser by opening the Downer-Riser connection valve. Bare particle 
circulation rate was 50 g d-1, as shown in Figure 3-6. 
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Figure 3-6 Operational conditions of 6-L CFBBR 
 
To avoid strong biofilm sloughing caused by the air bubbles in the Downer, 
external aeration was employed to supply dissolved oxygen to the Downer. Since there 
was no sludge wastage from the system, the majority of biomass adhered to the 
bioparticle and some detached biomass was lost in the reactor effluent.  
3.1.2 Bioparticles 
Two types of bare particle were used in this research. 
Lava rock  
Lava rock particles with an average diameter of 670 μm (300–1000μm) were used 
as bare particles for biofilm attachment. The particle porosity was about 33% and the 
total porosity (particle porosity and void between particles) was 61%. The bulk (based on 
porosity of the packed media) density of particles was approximately 1720 kg/m3 with a 
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true density (the ratio of sample mass to its true volume) of 2560 kg/m3 and surface area 
of bare particle 8.94 m2/kg. The pictures of lava rock with biofilm are shown in Figure 
3-7. 
 
 
Figure 3-7 Lava rock as bioparticles 
Natural zeolite 
Sieved natural zeolite particles with an average diameter of 630 μm (400–800 μm) 
were used as bare particles for biofilm attachment, as shown in Figure 3-7. The bulk 
(based on porosity of the packed media) density of particles was approximately 880 kg m-
3 with a true density (the ratio of sample mass to its true volume) of 1730 kg m-3 and 
surface area of bare particle 15.5 m2 g-1 determined with BET instrument (Micromeritics 
ASAP 2010; Micromeritics, USA) (Andalib et al., 2010).  
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Figure 3-8 Natural zeolite as bioparticles 
 
3.1.3 Synthetic Wastewater 
Synthetic wastewater was used for laboratory study. The synthetic wastewater feed 
was prepared using a concentrated stock solution (NaCH3COO, 125 g/L; NH4Cl, 27.5 g/L; 
KH2PO4, 6.5 g/L), mineral salt stock solution (NiCl·6H2O, 75 mg/L; CoCl2·6 H2O, 75 
mg/L; CuCl ·2H2O, 200 mg/L; ZnCl2, 125 mg/L; MnCl2·4H2O, 1250 mg/L; FeCl3·6H2O, 
750 mg/L; (NH4)6Mo7O24·4H2O, 200 mg/L; H3BO3, 125 mg/L; MgSO4 ·7H2O, 14 g/L; 
CaCl2·H2O, 6 g/L) and tap water, and the volumetric ratio of mineral solution and tap 
water is 1:250. Phosphorus and mineral salt nutrients dosing rate was enough to 
maintainbiomass. All the aforementioned chemicals were supplied by VWR International, 
produced by EMD Chemical and Alfa Aesar Co. (NJ, USA). 
3.1.4 Municipal Wastewater 
The degritted municipal wastewater, from Adelaide Water Pollution Plant in 
London, ON, Canada, was fed directly from the wastewater channel after the grit 
chamber. The average characteristic was shown in  
 
Table 3-4. 
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Table 3-4  Municipal wastewater characteristic 
Parameter (mg L-1, except pH) Feed* 
Temperature, °C 21±4 
TCOD 587±129 
SCOD 179±40 
TN 60±10 
NH4+-N 32.1±6.0 
NO3—N 0.6±0.6 
TP 9.8±3.2 
PO43--P 3.0±0.7 
TSS 188±61 
VSS 153±52 
* Average ± standard deviation 
 
Composite samples taken during the daytime of July 23, 2012 were used to study the 
effect of dynamic loading. Eight samples of influent and effluent were taken from 7am to 
9pm at 2 hour intervals. The TSS, TCOD and TN concentrations of influent are shown in 
Figure 3-9. 
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Figure 3-9 Composite samples in one day of influent characteristics 
3.1.5 Model Software 
Simulation software, Berkeley Madonna 8.3.9, developed by Robert Macey and 
George Oster of the University of California at Berkeley, was used to solve this 1D-
bioparticle model. Normally, semi-empirical models can be readily solved by using a 
spreadsheet, but 1D models must be solved numerically with computing software. 
However, the aforementioned commercial software, i.e. BioWin, Aquifas, GPS-X, are not 
open-source, and can hardly be implemented with hydrodynamic equations. Berkeley 
Madonna is one fast, convenient, general purpose differential equation solver, developed 
on the Berkeley campus under the sponsorship of NSF and NIH (Macey et al., 2000). It is 
currently used by academic and commercial institutions for constructing mathematical 
models for research and teaching, especially in the area of biological research.  
Berkeley Madonna was originally written in C, and later extended with the 
Flowchart graphical interface written in Java. The PC version works well in most 
versions of Windows. The equation-only version works in all versions of OS X, which is 
the version used in this research, and the interface of Berkeley Madonna is shown in 
Figure 3-10.  
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Figure 3-10 The interface of Beikeley Madonna 9 
3.2 Methodology 
3.2.1 Procedure of Sample Collection 
Water sample collection and pre-treatment 
Samples were collected twice a week to monitor the CFBBR performance. Samples 
of the influent, riser top (anoxic column) effluent, and downer top (aerobic column) 
effluent were taken in air-tight bottles (VWR® Specimen Containers), refrigerated at 4 °C 
prior to analysis.  
Bioparticle sample collection and pre-treatment 
Bioparticle samples were taken every week, and every two weeks in the other 
Modes. Attached biomass on the lava rock was examined according to APHA methods 
and described as mg VSS/g bare lava rock. 15 mL air-tight bottles (VWR® Specimen 
Containers) were used to take bioparticle samples from the Riser and the Downer 
respectively, after flushing the sample holes with water to avoid bioparticle clogging. All 
the bioparticles with suspended solids were transferred to a 100mL vial and sonicated for 
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3 hours at 30 °C in an Aquasonic sonicator (Model 75HT, ETL Laboratory Testing, Inc., 
New York). After sonification, the VSS content of the detached biomass was measured 
using standard methods and the sonicated particles were cleaned and weighed after 
drying at 550 °C for 1 hour to estimate the attached biomass (mg VSS/g  lava rock). The 
compact volume of the dry lava rock was also measured in a 20 mL cylinder to get the 
bare particle concentration per unit expanded bed volume (g lava rock/mL).  
3.2.2 Water Characteristic Analytical Methods 
Total suspended solids (TSS) and volatile suspended solids (VSS) were analyzed 
according to the Standard Methods no 2540D and 2540E (APHA, 1981). DO was 
measured using Thermo Orion meter. HACH methods and testing kits (HACH Odyssey 
DR/2500) were used to measure total chemical oxygen demand (TCOD), soluble 
chemical oxygen demand (SCOD), NH4+-N, NO2--N, NO3--N, PO43--P and total 
phosphorus (TP)(APHA-AWWA-WPCF, 1981).  Alkalinity was measured by titration 
with 0.01 N H2SO4 in accordance with the Standard Method No. 2320. 
3.2.3 Biofilm Thickness 
Biofilm coated particles were periodically taken from sampling ports along the 
columns for the purpose of measuring the biofilm thickness. The sampling took place by 
a syringe at the same pressure inside each column to minimize disturbances to the biofilm 
structure. Each particle was then transferred to a small container filled with water. The 
biofilm thickness was measured using a microscope under 50 times magnification 
(SteREO Discovery V8) coupled with photographic analysis, as shown in Figure 3-11. 
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Figure 3-11  Biofilm thickness measurement 
 
3.2.4 Bioparticle Density 
Bioparticle samples were sonicated for 3 hours at 30 °C to detach the biofilm by an 
Aquasonic sonicator (Model 75HT, ETL Laboratory Testing, Inc., New York). After 
sonication, both the VSS content of the detached biomass and bare particles were 
measured using the Standard Methods (APHA, 1981). Next, attached biomass per bare 
particle was recorded. 
3.2.5 Specific Nitrification Rate and Specific Denitrification Rate 
The specific nitrification rates (SNR) and specific denitrification rates (SDNR) of 
detached biomass and attached biomass were measured separately in batch tests (Patel et 
al., 2005). 500 mL samples of the Riser and the Downer effluents were used for SNR 
determination for detached biomass respectively. The detached VSS mixture from the 
bioparticles was diluted to a VSS concentration of 50 mg L-1 for SNR determination of 
attached biomass, in order to ensure that both batches with the attached and detached 
biomass were at the same VSS contributions. 
Batch reactors equipped with fine bubble diffuser were used for nitrification by 
injecting air , and magnetic stirrers were used to avoid air intrusion. To reduce the effect 
of substrate mass transfer limitation into the biofilm, the biofilm was removed from 5-10 
g of media using mechanical detachment and then placed into the reactors. The biomass 
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in the SDNR and the SNR tests were in the range of 50-200 mg VSS/L, considering the 
similar concentration of biomass in the effluent that was detached biomass. The initial 
acetate COD in the denitrification batch tests was set at 200-250 mg/L, while the initial 
alkalinity used in the nitrification test was around 200 mg/L as CaCO3. For the SNR tests, 
the initial ammonia concentrations were 20-25 mg/L, added as ammonium chloride. 
3.2.6 Worm Density 
Meanwhile, the number of red worms in the detached biomass following filtration 
through a 0.45 µm filter paper, the number of worms retained on the filter paper, and the 
worm density (unit per gram biomass) were calculated. When the worm density was too 
high to count, the biomass samples was diluted, as shown in Figure 3-12. 
 
Figure 3-12  Dilution needed for high worm density 
 
3.2.7 Worm Identification 
Red worms are widely observed in many wastewater treatment plants. Some plants 
also struggled with worm-blooming problems in the summer. Aquatic worms can be 
distinguished by body colour, body shape and size, type of bristles or hairs, and 
reproduction methods (Brinkhurst et al., 1986). 
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Tubificida, most common Oligochaetes in freshwater in northeastern North 
America,  have erythrocruorin, a red blood pigment, reproduce predominantly by 
fragmentation, that effectively extracts oxygen dissolved in the water (Giere, 2006; 
Ratsak and Verkuijlen, 2006). The pictures of the biomass samples from the CFBBR 
matches the description of Tubificidae. 
  
    
Figure 3-13  Tubificidae worm identification by color, size, reproduction 
 
 
References 
Andalib M, Nakhla G, Zhu J. 2010. Dynamic testing of the twin circulating fluidized 
bed bioreactor (TCFBBR) for nutrient removal from municipal wastewater. Chemical 
Engineering Journal 162:616–625. 
Chapter 3. Materials and Methods                                                       81 
 
APHA-AWWA-WPCF. 1981. Standard methods for the examination of water and 
wastewater. APHA American Public Health Association. 
Brinkhurst RO, Fisheries CD of, Oceans. 1986. Guide to the freshwater aquatic 
microdrile oligochaetes of North America. Department of Fisheries and Oceans. 
http://en.scientificcommons.org/2063989. 
Brinkhurst RO, Jamieson BGM, Cook DG, Anderson DV, Van der Land J. 1971. 
Aquatic Oligochaeta of the world. University of Toronto Press.  
Elissen HJ., Hendrickx TL., Temmink H, Buisman CJ. 2006. A new reactor concept 
for sludge reduction using aquatic worms. Water research 40:3713–3718. 
Giere O. 2006. Ecology and biology of marine Oligochaeta—an inventory rather 
than another review. Aquatic Oligochaete Biology IX:103–116. 
Macey R, Oster G, Zahnley T. 2000. Berkeley Madonna user’s guide. University of 
California. 
Mermillod-Blondin F, Gérino M, Degrange V, Lensi R, Chassé JL, Rard M, Des 
Châtelliers MC. 2001. Testing the functional redundancy of Limnodrilus and Tubifex 
(Oligochaeta, Tubificidae) in hyporheic sediments: an experimental study in microcosms. 
Canadian Journal of Fisheries and Aquatic Sciences 58:1747–1759. 
Patel A, Nakhla G, Zhu J. 2005. Detachment of multi species biofilm in circulating 
fluidized bed bioreactor. Biotechnology and Bioengineering 92:427–437. 
Ratsak CH, Verkuijlen J. 2006. Sludge reduction by predatory activity of aquatic 
oligochaetes in wastewater treatment plants: science or fiction? A review. Aquatic 
Oligochaete Biology IX:197–211. 
 
82 
 
Chapter 4. BEP in CFBBR 
Chapter  4  
  Simultaneous Carbon and Nitrogen Removal with 
Enhanced Bioparticle Circulation in a Circulating Fluidized Bed 
Biofilm Reactor* 
4.1 Introduction 
The most recognized and practical application of microbial biodegradation of contaminants 
is the activated sludge system, which has been further developed to achieve biological nutrient 
removal (BNR) [1]. Compared to bioflocs, biofilm and biogranule are extremely promising due 
to higher biomass densities per unit reactor volume. Many approaches, such as biofilm 
technology for BNR [2], aerobic granular sludge technology [3], and hydrogen-based hollow-
fiber membrane biofilm reactors (MBfR) [2] have been explored for contaminants removal. A 
great deal of effort went into decreasing the footprint of treatment plants and reducing 
operational treatment costs. The former is generally associated with decoupling of hydraulic 
retention time (HRT) from the solids retention time (SRT), in order to minimize the volume of 
bioreactor unit [4], while the latter is much more complex, with most efforts focused on reducing 
excess sludge production and utilizing alternative electron acceptors (nitrate) rather than oxygen. 
Aerobic granular sludge and particle supported biofilms have been demonstrated as two main 
techniques in aerobic bioparticle processes [5]. Formation of aggregated biomass offers 
advantages, as compared to suspended flocs, in decoupling SRT from HRT, hence reducing the 
bioreactor volume. Additionally, the large specific surface area of particulate biofilm reactors 
                                                 
 
*A version of this chapter has been published in Chemical Engineering Journal, 2012, 181-182, 35-44 
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could help to achieve high volumetric substrate conversions in order to reduce the reactor size 
[6]. Meanwhile, since high conversion rate for bioparticle processes are generally due to large 
specific surface areas (over 2000 m2/m3), the surface loading rate of the biofilm or biogranule is 
relatively low, which usually leads to slow biomass growth [7]. Furthermore, the predation 
process, which plays an important role in reducing sludge quantities [8], could also be 
encouraged by long biomass retention time, as thick biofilm and granular sludge provide the 
optimal conditions for the growth of protozoa and metazoa [9]. 
Although there are numerous studies on the application of aerobic bioparticle processes, 
such as fluidized beds [10], air lift reactors [11], and granular sludge sequencing batch reactors 
[12] for BNR, very limited investigations were carried out on long-term bioparticle growth and 
behavior under different alternating growth conditions such as feast-famine, and anoxic-aerobic 
alternation. However, short-term anoxic-aerobic switching of microorganisms was investigated 
widely in sequencing batch reactors during the BNR process. The frequent change of electron 
acceptors has been reported to necessitate time for adaptation [13], which is known as diauxic 
lag or diauxic shift, while other researchers revealed that in the bioparticle field, formation and 
self-immobilization of granular sludge was improved during anoxic-aerobic alternation [14] and 
feast-famine alternation [15], with similar behavior observed for biofilm enhancement through 
improved stability and density [16].   
The Circulating Fluidized Bed Biofilm Reactor (CFBBR), a bioparticle technology 
designed for biological nutrient removal, was recently developed and patented [17,18]. A 
schematic of the CFBBR is shown in Figure 4-1A. Flow regime in the liquid-solid fluidization 
systems could provide efficient control of the behavior of the bioreactors [19]. The CFBBR 
could be effectively operated for reduction of sludge production, because of its flexibility in 
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switching between different fluidization regimes and the inherent advantages of bioparticle 
technology, i.e. decoupling of HRT from SRT, large specific surface area, control of biomass 
attachment and detachment, ideal conditions for biofilm ecosystem, and maximizing the 
utilization of nitrate as an electron acceptor. The detailed configuration of CFBBR is shown in 
Supplementary Information (SI Test A1) 
Previous CFBBR BNR research implemented in both lab-scale reactors [20,21] and pilot 
scale [22] application at the Adelaide Wastewater Treatment Plant in London, Ontario, has 
primarily utilized coarse bubble aeration in the Downer resulting in high shear forces and very 
thin biofilm (30 μm) [21] in the aerobic column, which upon transfer to the anoxic riser did not 
grow sufficiently fast to achieve a pronounced bioparticle circulation between the two 
interconnected fluidized beds, i.e., the Riser and Downer. Furthermore, due to the thin aerobic 
biofilm, predative microorganisms that can reduce overall biomass yield were not observed. 
The objective of this study is to develop a bioparticle system with strong predation 
processes, which could achieve extremely low sludge production and remarkable performance 
with respect to biological nutrient removal. A novel bioparticle circulating pattern is described in 
this research in order to enhance the bioparticle operation and control. Long-term performance of 
the CFBBR, associated with chronic anoxic-aerobic bioparticle circulation, is investigated in this 
work. To evaluate the impact of the proposed circulation on biofilm, minimum shear force was 
implemented using external aeration to achieve rich biofilms in both Riser and Downer. Various 
experiments with different substrate loading rates and temperatures were undertaken in order to 
explore biofilm profiles during circulation.  
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4.2 Materials and Methods 
4.2.1 Bioparticles and Substrate 
Lava rock particles with an average size of 670 μm (300–1000μm) were used as bare 
particles for biofilm attachment. The particle porosity was about 33% and the total porosity 
(particle porosity and void between particles) was 61%. The bulk (based on porosity of the 
packed media) density of particles was approximately 1720 kg/m3 with a true density (the ratio 
of sample mass to its true volume) of 2560 kg/m3 and surface area of bare particle 0.48 m2/g 
determined with BET instrument (Micromeritics ASAP 2010; Micromeritics, USA) by Andalib 
et al. [23].  
Synthetic acetated-based wastewater was used for this study. The synthetic feed was 
prepared using a concentrated stock solution (NaCH3COO, 125 g/L; NH4Cl, 27.5 g/L; KH2PO4, 
6.5 g/L), which was mixed with tap water at a volumetric ratio of 0.004:1, and a mineral salt 
stock solution (NiCl·6H2O, 75 mg/L; CoCl2·6 H2O, 75 mg/L; CuCl2 ·2H2O, 200 mg/L; ZnCl2, 
125 mg/L; MnCl2·4H2O, 1250 mg/L; FeCl3·6H2O, 750 mg/L; (NH4)6Mo7O24·4H2O, 200 mg/L; 
H3BO3, 125 mg/L; MgSO4 ·7H2O, 14 g/L; CaCl2·H2O, 6 g/L), mixed with tap water at a 
volumetric ratio of 0.001:1 in the feed tank [21].  
4.2.2 CFBBR Reactor 
The plexiglass lab scale CFBBR shown in Figure S1 was fabricated in the laboratory. The 
reaction zone consisted of two columns, the riser column (0.98 L) and the downer column 
(3.34L). The riser column was operated as an anoxic reactor and the downer column was 
operated as an aerobic reactor. The detailed dimensions of the CFBBR are shown in Table S1. 
In the Riser reaction column, the consideration of two sections, with the smaller diameter on 
top, allows the upflow velocity to increase in the top part, achieving fast bioparticle fluidization 
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and enhancing bioparticle transfer out to the Downer. Freeboard zones were established in both 
the Riser and the Downer to avoid bioparticle washout from the system. 
4.2.3 Fluidization and Operation 
The CFBBR was charged with 400 g of fresh lava rock particles, and particle circulation 
was conducted between the Riser and the Downer. In the Riser, when bioparticles entered the 
narrow top section, upflow velocity almost doubled, and as a result the bioparticles moved into 
the Downer, while particles in the Downer were manually let back to the Riser weekly by 
opening the Downer-Riser connection valve. Bare particle circulation rates varied from 3 g/d to 7 
g/d, and overall Riser bioparticles alternation cycle was between one to two weeks. During this 
slow solids circulation process, the amounts of bare particle in the Riser and the Downer varied 
from 30-45 g and 355-370g respectively.  
Four experimental runs were performed, denoted henceforth as Modes I, II, III and IV 
respectively, as shown in Table 4-1, to delineate the impact of shear stress, substrate loading, and 
temperature on performance. Both anoxic and aerobic beds were fluidized by recirculation of 
liquid flow from the Downer top (Mode I also had additional Riser recirculation). To achieve 
low shear force in the Downer (Modes II to IV), external aeration in a pre-aeration tank was 
employed. This was critical for maintaining similar turbulence in both fluidized beds, in order to 
avoid biofilm sloughing during the transfer from the Riser to Downer. Superficial liquid 
velocities, in the anoxic and aerobic columns, were maintained close to the minimum fluidization 
velocity for the biofilm particle [23], at 0.65 cm/s and 1.16 cm/s at the bottom and top of the 
Riser, and 1.08 cm/s in the Downer (as shown in Figure S2). 
An internal settling tank was setup in Modes I, II, III for sludge disposal, but since biomass 
separation was not favorable, due to high recirculation flow rate, it was abandoned in Mode IV. 
Since there was no sludge wastage in Mode IV, the majority of biomass adhered to the 
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bioparticle and some detached biomass was lost in the reactor effluent. Some researchers also 
revealed that “selective biomass discharge” is also the key factor for biomass aggregation [24]. 
Various comparisons were drawn from the four experimental runs, including high shear 
force and low shear force (Mode I to II), various substrate loading rates (Mode II to III), and two 
temperatures (Mode III to IV). The three aforementioned experimental parameters, i.e. shear 
force, substrate loading rates, and temperature exert the most significant impact on the biofilm 
detachment and growth [25], i.e. shear stress represents the physical external driving force 
causing detachment of biofilm; substrate loading and temperature were examined as they 
strongly influence biofilm growth. Methods and procedures of sample collection and 
preservation are shown in Test A2. 
4.3 Results 
Temporal variations of COD removal and effluent suspended solids are shown in Figure 
4-2A, while NH4+ and NO3- removal are illustrated in Figure 4-2B. The detailed feed, anoxic 
Riser and aerobic Downer effluent data is presented in   
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Table 4-2. Effluent pH and alkalinity were stable in all experiments, and nitrite was never 
observed over 0.05 mgNO2--N/L in all modes. The sludge yield of the system is presented in 
Figure 4-3. With the designed fluidization conditions (except Mode I), biofilm characteristics, 
for example, attached biomass per bare particle, bare particle concentration, height of expanded 
bed, detached biomass per bare particle, bioparticle density, and occurrence of worm predators 
varied widely as shown in Table 4-3.  
4.3.1 Effect of Shear Force 
Mode I was operated with an upflow velocity in the Riser of 2.2-3.5 cm/s and three-phase 
fluidization (i.e. gas/liquid/solid) in the Downer, and Modes II, III and IV were operated with a 
much lower upflow velocity in the Riser of 0.5-1.3 cm/s and only liquid-solid fluidization in the 
Downer (due to external aeration). As shown in Figure 4-2, in Mode I, effluent SCOD could 
reach low levels (below 30 mg COD/L), and effluent NH4+-N concentrations were relatively high 
at around 3 mg/L, with an average NH4+-N removal rate of 85.6%. In Mode II, relatively more 
stable effluent NH4+-N concentrations were achieved to Mode I, averaging 2.7 mg/L, at the same 
substrate loading. As apparent from the data presented in   
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Table 4-2, reducing the shear stress affected 25%, 26%, 18%, and 16% decreases in 
average effluent TSS, SCOD, ammonia and nitrate concentrations. Furthermore the stability of 
both nitrification and denitrification, as reflected by the coefficient of variation (standard 
deviation divided by mean) for effluent ammonia and nitrates, improved.  
After switching from high shear force to low shear force (from Mode I to Mode II), the 
height of expanded bed in the Downer doubled, rising from 330 mm in Mode I to 730 mm in 
Mode II, and the average attached biomass concentrations per bare particle increased from 12.4 
to 36 mg VSS/g lavarock in the Riser, and from 5.7 to 7.6 mg VSS/g lavarock in the Downer. 
The average observed yield decreased from 0.236 mg VSS/mg COD in Mode I to 0.151 
mgVSS/mgCOD in Mode II, due to the increase in SRT from 2.3 days to 6 days caused by 
increasing biofilm thickness.  
4.3.2 Effect of Substrate Loading 
The increased substrate loading in Mode III relative to Mode II, as shown in  
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Table 4-2, was undertaken. However, effluent NH4+-N declined to less than 1 mg NH4+-
N/L even with an increase in influent NH4+-N concentration from 20 mg/L to 43 mg/L. The 
effluent SCOD was also stable at 8.1 mg COD/L at almost double the OLR (organic loading 
rate) of Modes I and II.  
The biomass in the downer was continuously growing, resulting in an SRT of 20 days, and the 
observed yield further decreased to 0.108 mgVSS/mgCOD. In Mode III the biomass 
accumulation on the reactor media contributed 16.7% of the total biomass production, which was 
much higher than the 6% in Mode II. The attached biomass increased to 48 mg VSS/g lavarock, 
five times higher than Mode II.  
4.3.3 Effect of Temperature 
With a drop in operating temperature from 20°C to 13°C in Mode IV, surprisingly, more 
stable and better performance was achieved compared with Mode III. The system achieved 85%-
88% total nitrogen removal and 92%-96% COD removal at a COD:N ratio of around 7:1. The 
Riser affected 34.3% COD removal, which was down from the 42.8% in Mode III. Complete 
denitrification in the Riser and complete nitrification in the Downer were achieved in Mode IV, 
with very low nitrates in the anoxic effluent (less than 1 mg NO3--N/L) and low ammonia in the 
aerobic effluent (less than 1 mg NH4+-N/L, except the first 3 samples), both reflecting greater 
than 95% removal. Furthermore, average effluent TSS concentrations in Mode IV decreased by 
56% to 10 mg/L. 
Although the operational temperature decreased to 13 °C in Mode IV, a remarkably low 
yield of 0.034 mg VSS/mg COD was achieved concomitant with a 60 days SRT and rich biofilm 
in the Downer. As apparent from Table 4-3, the expanded downer bed height in Mode IV 
increased by 36% to 1.59 m while the average attached biomass concentration increased by 25% 
in both the Downer and Riser to 60 and 54 mg VSS/g lavarock. 
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4.4 Discussion 
4.4.1 Performance  
Generally, the Riser column (Anoxic column) operated under substrate abundance 
conditions with nitrate as an electron acceptor, while the Downer ran under substrate-limited 
conditions with oxygen as an electron acceptor. In terms of COD conversion, 30% to 40% of 
COD was removed in anoxic riser, which indicates that the volumetric biodegradation rate in the 
Riser was 1.5 to 2 times higher than the rate in the Downer, thus confirming the feast and famine 
environments in the Riser and Downer, respectively. 
Phosphorus removal did not occur due to the extremely low sludge production. Total 
phosphorus mass reached 5% of the dry weight of the attached biomass in Mode IV, but 
simultaneously the measured soluble phosphorus removal rates were below 20%, corresponding 
to the calculated phosphorus removal efficiencies of 17%, 13.4%, 15.2% and 5.1%  in Modes I 
to IV by sludge discharging, based on the sludge production in Figure 4-3. 
Figure 4-4A shows the contribution of anoxic and aerobic columns to denitrification, 
which is calculated based on total nitrogen balance separately in the Riser and Downer. From the 
data in Figure 4-4A, simultaneous nitrification and denitrification (SND) was observed in the 
Downer. As shown in Figure 4-4A, SND was caused by the limitation of oxygen diffusion inside 
the rich biofilm [16], and increased with the growing thickness of biofilm, supported by the 
increasing attached biomass per media in the Downer (Table 4-3), and reflected by 50% nitrate 
reduction in the aerobic zone in Mode IV (Figure 4-4A), where the oxygen was limited inside the 
thick biofilm (over 100μm) [23]. 
Mode I involved operation at high shear force. It is interesting to note that 85% 
nitrification was achieved at an average SRT of 2.3 days at 20°C as shown in Table 4-3. This 
might be caused by selective biofilm washout, in which the biomass near the biofilm surface 
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would be first detached, as many researchers reported that heterotrophs always dominated the 
outside of biofilms because of their faster growth rate [26,27]. It must be asserted that SRT 
calculations were based on volatile suspended biomass and attached biomass measurements, not 
on activity, e.g. specific nitrification and denitrification rates, and therefore it is possible that the 
nitrifiers’ SRTs may have been different from those stated in Table 4-3. 
Generally, if all COD is degraded by heterotrophs and all NH4+ is nitrified to NO3-, 
calculated Electron Donor (ED), i.e. COD and ammonia available to the system, would be 
relatively higher than Electron Acceptor (EA), i.e. oxygen and nitrate available to the system, 
with the difference attributed to the biomass synthesized. However, as Figure 4-4B illustrates, 
the increasing ED-EA gap was accompanied with decreasing biomass production. This finding 
of inverse trend of EA and ED is interesting in that it might suggest different biodegradation 
pathways. In fact, during Modes I to IV, the bioparticles became increasingly richer, and this 
lower EA consumption could be also explained by three possible mechanisms in thick biofilms, 
which are predation [8], anaerobic COD removal in deep biofilm [16], and SND through the 
nitrite pathway [28]. 
4.4.2 Bioparticle Circulation 
Slow-rate bioparticle circulation, which was supported by the upflow velocity of the Riser, 
was evaluated and chosen to maintain feast-famine and anoxic-aerobic bioparticle reactor, and 
achieve Bioparticle Enrichment-Predation circulation (BEP circulation). BEP comprised 
enrichment (in Riser Bottom section), transportation (in Riser Top section), predator-cultivation 
(in Downer Top), and deactivation (in Downer Bottom). The conceptional schematic of BEP 
circulation is explained in Figure 4-1B with the relative real-time pictures of bioparticles shown 
in Figure 4-1C.  
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Bioparticle circulation from the Riser to the Downer in this BEP process was due to the 
two-section configuration in the Riser column, where the upflow velocity suddenly accelerated 
from 0.65 cm/s in bottom column to 1.16 cm/s in top column (as shown in Figure S2). 
Meanwhile, nitrate recycled from the Downer as the main electron acceptor diffused deeper in 
the biofilm than oxygen, with penetration depths of NO3--N of 310 µm using the bulk 
concentrations of 6 mg NO3--N/L by Andalib [23], which is in the range of 4.6-6.6 mg NO3--N/L 
measured in this study, while oxygen diffused 150 µm-200 µm diffusion at DO of 2-3 mg/L [29]. 
The biofilm thicknesses measured during the BEP process presented in Table 4-4 support that the 
main driving force behind bioparticle enrichment in the Riser is the strong denitrification process. 
In addition, due to mixing with the feed water, electron donors were abundant for microbial 
growth inside the Riser biofilm. When bioparticles grew to a certain level, at which the whole 
density of bioparticle became low enough with the increasing biofilm thickness, bioparticles 
would come into the top section of the Riser which forms a faster fluidization regime. 
Subsequently the solid circulation rate from the Riser to the Downer accelerated. From the lab 
reactor photographs in this study (Figure 4-1C), the 600-700 μm uniform thickness of biopaticles 
in the Riser was also observed. The typical biofilm profile during this BEP circulation is 
described in Table 4-4.  
However, in the Downer, bioparticles have different appearances depending on the 
retention time in the stratified Downer column. At the very beginning, just after leaving the Riser, 
bioparticles are transparent and cottony spherical bioparticles. Then they become darker and 
denser, and some red thread worms (Oligochaeta) develop, as shown in Figure 4-1D and 1E; 
their diameter begins to decrease and the density begins to increase. An interesting phenomenon 
was observed: bioparticles after anoxic enrichment were less stratified than the bioparticles 
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developed in the Downer, as evident from Figure 4-1C. The difference between the Riser 
bioparticles and the Downer bioparticles are shown in Video 1. These changes were probably 
caused by the shallow diffusion of oxygen, which was reported to be around 150 μm for multi-
species biofilms [29], and then the biofilm became so thin that large Oligochaeta disappeared 
from these bioparticles, leading to a drop in predation activity, which is termed deactivation. 
These red worms are very common in settling tanks of traditional active sludge system [30], 
when the sludge retention is long enough to reach 20 days (the generation time of this metazoan). 
Particle circulation is required for refreshment in the Riser to complete this BEP circulation. 
4.4.3 Sludge Production 
A remarkably low yield of 0.034 mgVSS/mgCOD was achieved concomitant with a 60 
days SRT and rich biofilm in the Downer. The enhanced or encouraged microbial decay and 
predation played key roles in Mode IV, which is reflected by the remarkably low estimated 
overall microbial decay, b value, elaborated upon later. It has been revealed that the low biomass 
yields of bioparticle system are attributed to lysis/cryptic growth [31,32] and predation [9,33]. 
Back in the 1990s, one predatory two-stage activated sludge system was reported to achieve a 
remarkably low apparent sludge yield between 0.01 to 0.23 kg TSS/kg COD removed [34]. The 
idea behind this two-stage system was using feast-famine conditions, with high COD loading in 
the first stage and low loading associated with large amount of predators in the second stage. The 
occurrence of macro-consumers, i.e. Oligochaeta, implies lower biomass yield, since the loss of 
energy will increase with the length of the food chain [35]. It was reported that lower shear force 
in biofilm systems could help the proliferation of earth worms [36]. Accordingly, the extremely 
low biomass production rate of 0.034 mgVSS/mgCOD on the bioparticle was coupled with the 
occurrence of a large amount of aquatic worms (belonging to Oligochaeta) in Mode IV (Figure 
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4-1C, D, and E), due to the long SRT, rich biofilm and lower turbulence, which help the 
proliferation of earth worms [37]. 
The operational conditions, i.e. shear force, substrate loading, and temperature, were 
critical to generate the rich biofilm environment for micro-community, which induced the low 
sludge production directly. The decrease of shear force from Mode I to Mode II helped the 
bioparticles to detach less biomass by hydraulic shear and to maintain higher expanded bed 
height, which translates to larger bed voidage and less abrasion between bioparticles. In Modes 
III and IV, with the increase of organic loading relative to Modes I and II, the additional biomass 
generated could be retained on the bioparticle under the low shear force, resulting in the growth 
of attached biomass, with low effluent VSS concentrations. The drop of the temperature from 
Mode III to Mode IV decreased the decay of bacteria by a temperature conversion factor of 
(1.07)T-20, leading to biomass accumulation on the bioparticles, and higher dissolved oxygen 
concentration in the outside aeration tank (9.7-10.3 mg/L in Mode IV VS 8.5-9.1 mg/L in Mode 
III), which was beneficial to the aerobic predation process. 
4.4.4 Net Sludge Yield 
Observed sludge yield  
For a steady-state system, sludge retention time (θc) is inversely related to the specific 
growth rate. It has been demonstrated that the relationship between observed sludge yield (Yob) 
and sludge retention time can be described by the following expression [38], 
ଵ
௒೚್ ൌ
ଵ
௒೘ೌೣ ൅
ఏ೎௕
௒೘ೌೣ        (10) 
where b is usually described as microbial endogenous decay in activated sludge systems, 
and Ymax is the true yield. The second part in the right hand side of Equation (1) represents the 
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maintenance energy (or bacterial decay), and can also be expressed as m/μ, called Roaels’ 
equation [39], where m is maintenance energy and μ is specific growth rate of bacteria. 
The rich biofilm with minimum shear force in the CFBBR was intended to maintain high 
biomass retention in this study, and as shown in Table 4-3 the SRT could reach 60 days. 
Enhanced microbial decay and predation play key roles in biomass reduction. It has been 
revealed that the low biomass yields of bioparticle systems are attributed to lysis/cryptic growth 
and predation. Thus, a lysis acceleration factor due to cryptic growth (fcryptic) is included in this 
paper, and the predation effect is considered as an additional separate parameter (bpredation) 
because of a considerable number of macro-consumers, i.e. bdecay = basfcryptic + bpredation, where 
bdecay presents the overall biomass “decay” rate including endogenous decay and predation, and 
bas is the typical decay for conventional activated sludge systems (with VSS of 3000 mg/L). 
The extremely low biomass production rate (0.034 mgVSS/mgCOD) on the bioparticle 
was coupled with the occurrence of a large number of aquatic worms (belonging to Oligochaeta) 
in Mode IV, during which lower shear force in the biofilm system helped the proliferation of 
earth worm, and the lower turbulence in this study accord fully with this worm enrichment.  
Effects of Operational Conditions 
As shown in Figure 4-3, the observed yield was dropping continuously from Mode I to 
Mode IV, which was corresponding to the continuously increasing SRT. As discussed above, 
three main operational factors, i.e. shear force, substrate loading and temperature, all contributed 
to the growth of bioparticles in both the Riser and the Downer from Mode I to Mode IV, as a 
result of a long SRT of 60 days in Mode IV.  
Effect of Shear Stress 
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The reduced shear force in Mode II was associated with a decreased net sludge yield from 
0.236 in Mode I to 0.151 mg VSS/ mg COD, due to reduced biofilm detachment caused by the 
lower turbulence in the reactor. As shown in Figure 4-3, the decreased shear affected an increase 
in attached biomass yield from negligible in Mode I to 0.009 mg VSS/mg COD in Mode II. 
Furthermore, as shown in Table 4-3, the attached biomass concentration per unit media mass 
almost tripled in the Riser and rose by 30% in the Downer.  
Effect of Substrate Loading 
Doubling the organic loading rate in Mode III to 3.1 kgCOD/m3d affected a 16% increase 
in attached biomass in the riser and a 530% increase in downer biomass, while doubling the 
attached biomass yield to 0.018 mg VSS/mg COD. However, the net sludge yield decreased 
from 0.151 mg VSS/mg COD to 0.108 mg VSS/mg COD. The increase of OLR, from 1.5 kg 
COD/(m3 d)  in Mode II to 3.1 kg COD/(m3 d) in Mode III,  could also rationalize the drop in net 
yield, consistent with the finding from full scale wastewater plants using biofilm technologies 
such as trickling filters, biofilters, and moving bed biofilm reactors [25].  
Effect of Temperature 
The temperature drop effected a 25%-28% increase in attached biomass due to slower 
biomass decay rates, and an almost 70% drop in biomass yield to 0.034 mg VSS/mg COD. 
While generally, in suspended growth processes, lower operating temperature translates to higher 
biomass yields, for BNR plants the longer SRTs dictated by nitrification tended to offset the 
lower biomass decay rates, and in the CFBBR, the very long SRT, facilitated by higher attached 
biomass and lower decay rates, promoted predation, significantly reducing sludge production. 
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Biomass Yield Model for CFBBR 
A simple biomass yield model could be established for the CFBBR, taking into 
consideration the two types of microbial populations, aerobic heterotrophs in the Downer and 
anoxic heterotrophs in the Riser, and increased microbial decay due to lysis/cryptic growth and 
predation. 
Therefore, the following model is proposed: 
ଵ
௒೚್ ൌ ߝ ቀ
ଵ
௒೘ೌೣೝ ൅
ఏ೎ೝ௕ೝ
௒೘ೌೣೝ ቁ ൅ ሺ1 െ ߝሻሺ
ଵ
௒೘ೌೣ೏ ൅
ఏ೏ೝ௕೏
௒೘ೌೣ೏ ሻ      (11) 
where,  
ε,  ratio of COD removed anoxically in the Riser, 
Yrmax, true yield of anoxic heterotrophs in the Riser, 
θrc,  Specific SRT of anoxic heterotrophs in the Riser, 
br,  microbial decay of anoxic heterotrophs, 
Ydmax, true yield of aerobic heterotrophs in the Downer, 
θdd,  Speicific SRT of aerobic heterotrophs in the Downer, 
bd,  microbial decay of aerobic heterotrophs,  bd= basfcryptic + bpredation. 
Model Parameters 
During this study, the observed yields and SRTs of Modes I to IV are shown in Table 4-3 
and Figure 4-4, respectively. Reported values of true yield with sodium acetate as carbon sources 
are discussed in Text S4, i.e., Ydmax of 0.315 mgVSS/mgCOD, Yrmax of 0.252 mgVSS/mgCOD. 
The ratio of COD removed anoxically in each mode can be determined by the denitrification 
process through the total nitrogen balance. 
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The decay rates of the Downer biomass, bd, were coupled to the process of lysis/death and 
the predation, which lead to a significant sludge reduction for this rich bioparticle system 
compared with other biofilm technologies. Moreover, br and bd also differ markedly, due to the 
environmentally disparate conditions to organic substrate-limitation in the Downer encouraging 
the lysis/cryptic growth, and predators versus anoxic substrate-rich conditions in the Riser. Thus, 
the decay rate of the Downer is indeed a determining factor in minimizing sludge production in 
this study. 
Typical decay rates of aerobic heterotrophs and anoxic heterotrophs were suggested as 0.1 
d-1 at 20℃  by ASM (Activated Sludge Model) [40]. The temperature effect on b can be 
expressed by a temperature conversion factor of (1.07)T-20 [41]. 
The model parameters and estimated bd values are shown in Table 4-5. The relatively larger 
decay rate in Mode IV, bd of 0.146 d-1 at 13°C corresponding to 0.234 d-1 at 20°C, compared to 
the 0.1 d-1 traditional activated sludge system, emphasize that predation and lysis/cryptic growth 
remarkably impact the biomass reduction in the rich biofilm of the CFBBR. 
4.5 Conclusions 
This study demonstrated the achievability of excellent removal efficiencies for both COD 
and nitrogen in the biofilm-rich CFBBR process. Over the 285 days of synthetic wastewater 
experiments in a lab-scale (4 L) CFBBR, over 95% COD removal and 85% TN removal was 
achieved during slow bioparticle circulation between Riser (Anoxic) and Downer (Aerobic). 
Furthermore, with sodium acetate as the carbon source, an extremely low net sludge yield of 
0.034 mgVSS/mgCOD was observed concomitant with the appearance of macro-consumers and 
aquatic worms. The formation of a rich biofilm was a direct consequence of the low shear force 
in the Downer and bioparticle circulation, which also achieved stable biofilm, maintained 
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predator cultivation in the aerobic, and enriched the biofilm in the anoxic zone biofilm. During 
the various stages of bioparticles growth and recirculation between the Riser and Downer, 
biofilm thickness on the 670 μm (average size) lava rock particle varied from 500-600 μm in the 
Riser top, to 700 μm at the downer top, prior to decreasing during deactivation in the downer to 
100-400 μm at the bottom. 
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Figure 4-1  CFBBR with enhanced bioparticle operation and Bioparticle Enrichment-Predation 
circulation. A) Schematic of Circulating Fluidized Bed Biofilm Reactor B) Conceptual diagrams 
of Bioparticle Enrichment Predation circulation C) Real-time pictures of bioparticles in the Riser 
and the Downer D) Bioparticle samples with red worms E) Aquatic worms under microscope 
(×200). 
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Figure 4-2  Lab scale CFBBR performance of A) COD removal and Effluent SS/VSS and B) 
NH4+-N and NO3--N removal 
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Figure 4-3  Average biomass observed yield and its composition 
Y
ob
  (
m
g 
V
S
S
 / 
m
g 
C
O
D
)
0 1 2 3 4
0
0.025
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.225
0.25
Mode I Mode II Mode III Mode IV
0.197
0.118
0.075
0.031
0.039
0.024
0.015
0.009
0.018
0.003
Effluent
Sludge discharge
Attached biomass
110 
 
Chapter 4. BEP in CFBBR 
 
 
Figure 4-4  A) Contributions of the Riser and the Downer to Denitrification B) Electron balance of Electron Acceptor (EA) and 
Electron Donor (ED) 
  
Mode I Mode II Mode III Mode IV
Riser Anoxicaly g N/d 0.595 0.504 0.912 0.840
Downer Simultaneously g N/d 0.116 0.173 0.619 0.816
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Table 4-1 Operational conditions of the CFBBR 
Parameter Unit Mode Ia Mode II Mode III Mode IV 
Substrate 
 
Synthetic wastewater 
Influent flow L/d 48 48 48 48 
temperature °C 20 20 20 13 
HRTb 
Riser h 0.62 0.62 0.62 0.62 
Downer h 1.61 1.61 1.61 1.61 
Upflow 
velocity 
Riserc cm/s 2.3-3.5 0.5-1.3 0.5-1.3 0.5-1.3 
Downer cm/s  0.2-0.3 1.0-1.1 1.0-1.1 1.0-1.1 
Internal nitrate recirculationd % 300% 300% 500% 500% 
Run time  day 33 41 65 147 
a Mode I ran with high shear force, high circulation flow in Riser and inside aeration in Downer; 
b HRT is calculated based on the Riser and Downer column volumes, as shown in Table S1. Riser includes bottom column and top 
column, while Downer includes reaction column. 
c Riser have two sections with different diameter, and different upflow velocity accordingly. 
d Internal nitrate recirculation presents the flow ratio between the recycle flow from aerobic(nitrifying) to anoxic(denitrifying) and 
the influent flow, calculated as Qdowner-riser/Qinf. 
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Table 4-2 Performance of the CFBBR in Modes I to IV 
Parameter 
(mg/L, except 
pH) 
Mode I  (10 samples) Mode II (15 samples) Mode III (26 samples) Mode IV (38 samples) 
Feed Anoxic Eff. Feed Anoxic Eff. Feed Anoxic Eff. Feed Anoxic Eff. 
pH 7.2 7.4 7.1 7.2 7.4 7.1 7.3 7.4 7.2 7.3 7.5 7.3 
Alkalinity 250 300 220 250 305 230 260 295 240 265 310 235 
SCOD 144±20 37±12 19±9 178±42 25±12 14±9 283±50 52±25 19±13 300±37 42±9 14±6 
NH4+-N 23±4.9 8.1±4.6 3.3±3.5 21.0±5.0 5.6±2.5 2.7±2.4 37.1±5.0 8.1±3.0 0.8±0.4 39.3±3.8 5.2±2.1 0.9±0.7 
NO3—N <0.2 0.77±0.72 4.9±3.5 <0.2 0.7±1.7 4.2±2.0 <0.2 0.6±0.7 4.4±2.3 <0.2 0.4±0.5 3.9±2.0 
TSS <5 35.8±19.3 27.8±9.8 <5 - 20.8±7.7 <5 - 22.5±11.5 <5 - 10±5 
VSS <5 30.3±20.1 24.6±7.9 <5 - 19.3±7.2 <5 - 19.8±10.1 <5 - 9±4 
COD 
loadingsa 
1.5 kg COD/(m3 d) 1.9 kg COD/(m3 d) 3.1 kg COD/(m3 d) 3.4 kg COD/(m3 d) 
Nitrification 
loadingsa 
0.22 kg NH4+-N/(m3 d) 0.20 kg NH4+-N/(m3 d) 0.41 kg NH4+-N/(m3 d) 0.43 kg NH4+-N/(m3 d) 
COD 
removal % 
86.8% 92.1% 93.2% 95.3% 
TN 
removal % 
63.3% 67.1% 86.0% 87.8% 
a The loadings are calculated based on the whole reaction column, as shown in Table S1, cumulative volume of the Riser top 
column, the Riser bottom column and the Downer reaction column. 
  
113 
 
Chapter 4. BEP in CFBBR 
Table 4-3 Biomass profile of the Riser and the Downer 
Parameter Unit Mode I Mode II Mode III Mode IV 
Avg. attached biomass, mgVSS/g lavarock 
Riser 12.4±3.2 36±5.7 42±4.5 54±6.1 
Downer 5.7±2.1 7.6±2.5 48±5.1 60±4.6 
Avg. particle/Volumea,  g lava rock/mL 
Riser 0.05±0.01 0.08±0.01 0.08±0.01 0.07±0.01 
Downer 0.53±0.05 0.24±0.03 0.15±0.03 0.11±0.02 
Avg. biomass concentrationa, mg VSS/L 
Riser 620±54 2880±171 3360±257 3780±345 
Downer 3021±365 1824±170 7200±540 6600±636 
Expanded bed height of Downer mm 330±31 729±50 1166±56 1590±62 
Avg. Solids Residence Timeb  days 
Total 2.3 6.0 21.7 59.2 
Anoxic 1.1 1.3 8.5 21.6 
Aerobic 1.2 4.7 13.2 37.6 
 
a The Avg. particle/Volume and Avg. biomass concentration are calculated based on the volume of expanded bed,  
b SRT is calculated as:  
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 where M is the weight of particles (g), 
Xanoxic and Xaerobic are the attached VSS (mg) per each gram media in the anoxic and aerobic column respectively, 
Xwastage is the amount of VSS (mg) wasted per day,  
VSSeffluent is the concentration of biomass in the effluent (mg/L),  
and Qeffluent stands for the effluent flow rate (L/d). 
The suspended VSS of the whole volume takes less than 3% of the total biomass in terms of low concentration, less than 30 
mg VSS/L, so the suspended biomass is neglected during the calculation of SRT. 
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Table 4-4 Biofilm profile during BEP circulation in Mode IV 
Step of 
circulation 
Enrichment Transportation Predator- cultivation Deactivation 
Bioparticle 
position 
Riser middle Riser Top, Downer top 
Downer top, Downer 
middle 
Downer bottom, Riser 
bottom 
Particle / volume 0.08±0.01 g lava rock/ml 0.07±0.01 g lava rock/ml 0.09±0.01 g lava rock/ml 0.15±0.01 g lava rock/ml 
Biomass/ particle 
54±5.2 mgVSS/g lava 
rock 
55±5.9 mgVSS/g lava 
rock 
90±6.5 mgVSS/g lava rock 
24±4.2 mgVSS/g lava 
rock 
Biomass / volume 4320±331 mgVSS/L 3850±235 mgVSS/L 8100±665 mgVSS/L 3600±350 mgVSS/L 
Biofilm thickness 500-600 µm 520-620 µm 400-700 µm 100-400 µm 
Biofilm 
appearance 
White, 80% transparent, 
uniform, wooly 
appearance 
White, 80% transparent, 
uniform, wooly 
appearance 
grey, 50% transparent, red 
worm observed with naked 
eyes 
dark, 20% transparent, 
smooth outside 
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Table 4-5 Yield Model parameters for rich bioparticle CFBBR 
Item Unit Mode I Mode II Mode III Mode IV 
Temperature Ԩ 20 20 20 13 
Specific SRT, θrc and θdc , daysa 
Riser 3.1 3.3 21.3 54.0 
Downer 1.8 7.8 22.0 62.7 
True yield of heterotrophs, Yrmax and Ydmax, 
 mg VSS/mg COD 
Riser 0.252 0.252 0.252 0.252 
Downer 0.315 0.315 0.315 0.315 
Ratio of COD removed anoxically in the Riserb, ε
 
0.43 0.23 0.24 0.18 
decay rate of anoxic bioparticlesc, br d-1 0.100 0.100 0.062 0.062 
Net sludge yield, Yob mg VSS/mg COD 0.236 0.151 0.108 0.034 
Estimated decay rate in the Downerd, bd d-1 0.057 0.155 0.087 0.146 
 
a The specific SRTs (SRTs of the Riser heterotrophs or the Downer heterotrophs respectively) are calculated based on the 
detached VSS of Riser and in the Downer separately,   
ߠܿݎ ൌ SRTanoxic VSSriserሺQr൅QinfሻVSSeffሺQinf൅Qr൅Qdሻ,           ߠ݀݀ ൌ SRTaerobic
VSSdownerQd
VSSeffሺQinf൅Qr൅Qdሻ 
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where VSSriser, VSSdowner and VSSeff are the VSS of the riser, VSS of the downer and VSS of the effluent (mg/L); 
and Qr and Qd are the circulation flow rate of the Riser and the Downer column respectively (L/d). 
b  Ratio of COD removed anoxically in the Riser is calculated as 
ߝ ൌ ܥܱܦ	ݑ݈݅݅ݖܽݐ݅݋݊	݀ݑݎ݅݊݃	݀݁݊݅ݐݎ݂݅݅ܿܽݐ݅݋݊	݅݊	ݐ݄݁	ܴ݅ݏ݁ݎܶ݋ݐ݈ܽ	ܥܱܦ	ݎ݁݉݋ݒ݁݀ ൌ
2.86
1 െ 1.42 ൈ ௢ܻ௕ ൈ ௗܰ௡
௥
ܳ௘௙௙ ൈ ൫ ௜ܵ௡௙ െ ܵ௘௙௙൯  
where Yob is the observed yield shown in Figure 4-4 (mgVSS/mgCOD), 
Nrdn is the nitrate removed in the Riser anoxically through denitrification (mg N/d), which is shown in Figure 4-3a, 
Sinf and Seff are the COD of feed and effluent respectively. 
c Decay rate in the Riser at 13°C is calculated as, 
 ܾ13ݎ ൌ ܾ20ݎ ሺ1 ൅ 0.07ሻሺ13െ20ሻ 
d Estimated decay rate in the Downer is calculated based on equation (2), and the sample of calculations is shown in Text S5. 
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4.6 Supplementary Information 
SUPPORTING INFORMATION 
List of contents of the supporting information: 
Information regarding lab scale CFBBR configuration 
Figure S1: CFBBR lab scale reactor for particle circulation  
Test A1: The detailed configuration of CFBBR 
Table S1: Dimensions of the CFBBR and fluidization regime 
Information regarding experimental operations 
Figure S2: Operating conditions in the CFBBR 
Test A2: Methods and procedures of sample collection 
Text S3: Attached biomass measurement 
Information regarding biomass net yield 
Text S4: True yield 
Text S5: Example of decay rate calculation for the biomass net yield Model 
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Information regarding lab scale CFBBR configuration 
   
Figure S1 CFBBR lab scale reactor for particle circulation 
Test A1: The detailed configuration of CFBBR 
Liquid flow direction 
Solid flow direction 
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The CFBBR system mainly consists of a riser column (anoxic bed) and a downer 
column (aerobic bed), which are named according to the direction of particle movement. 
A liquid-solid separator is installed on the top of the downer (downer freeboard) to avoid 
bioparticle wash out of the system. The riser operates in the circulating (fast) fluidization 
regime, which is a class of liquid-solid fluidized beds with high liquid upflow velocity 
and solid circulation rates, with the liquid mixture of the feed and the recycle from the 
downer freeboard to provide enough liquid flowrate to entrain the bioparticle in the riser. 
In the downer, bioparticles are fluidized by the recirculated liquid from the downer 
freeboard and air in the downer, which is operated in the conventional fluidization 
regime. The authors used an outside aeration tank in this study instead of aeration inside 
in order to minimize shear force coursed by air bubbles, as shown in Figure 1. Since the 
substrate was fed to the riser bottom, the carbon source in the riser was abundant, and 
strong denitrification took place based on the continuous nitrate liquid recirculation from 
the downer. To achieve the required effluent COD and NH4+-N concentrations, the 
downer was generally operated under a famine or carbon-limiting conditions, which 
resulted in achieving complete nitrification and COD biodegradation. 
In the CFBBR, the Riser and Downer could be utilized to achieve different BNR 
functions. Furthermore, it is convenient to control bioparticle circulation between anoxic 
and aerobic environments or feast and famine conditions, through which favorable 
biofilm for bacteria or predators could be established dynamically in the CFBBR. Due to 
varying shear stresses and substrate conditions in the CFBBR system, various microbial 
communities were established in the Riser and Downer columns depending upon the 
position of bioparticle. 
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Table S1 Dimensions of the CFBBR and Fluidization Regime 
 Sections 
Volumea 
L 
Diameter
mm 
Flow  ml/min Upflow 
velocity 
cm/s 
Fluidized regime 
Feed D-R flow D-D flow 
Riser 
Bottom column 0.51 25.4 33 132-200 -b 0.54-0.77 Conventional fluidization 
Top column 0.47 19.05 33 132-200 - 0.97-1.36 Turbulent or fast  fluidization 
Freeboard 14 152.4 - - - - Dead zone 
Downer 
Reaction column 3.34 50.8 - - 1250-1400 1.03-1.15 Conventional fluidization 
Freeboard 14 152.4 33 132-200 1250-1400 0.13-0.15 High recirculation flow 
Others 
Pre-aeration tank 12 100x250 33 - 1250-1400 - 3 phase fluidization 
Settling tank 
(Modes II & III) 
16 265 33 - - - 
High recirculation flow 
hampered VSS settle ability 
 
a The volume is the effective volume, not including the part above water level. 
b “-”, not applicable.  
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Information regarding experimental operations 
Test A2: Methods and procedure of sample collection 
Samples were collected twice a week to monitor the CFBBR performance. Samples 
of the influent, riser top (anoxic column) effluent, and downer top (aerobic column) 
effluent were taken in air-tight bottles(VWR® Specimen Containers), and refrigerated at 4 
°C prior to analysis. Total suspended solids (TSS) and volatile suspended solids (VSS) 
were analyzed according to the Standard Methods [1]. DO was measured using Thermo 
Orion meter. HACH methods and testing kits (HACH Odyssey DR/2500) were used to 
measure total chemical oxygen demand (TCOD), soluble chemical oxygen demand 
(SCOD), NH4+-N, NO2--N, NO3--N, PO43--P and total phosphorus (TP). Each sample of 
water quality was measured once, TSS and VSS twice, and the number of replication for 
DO and expanded bed height was three. 
Bioparticle samples were taken every week in Mode IV, and every two weeks in 
the other Modes. Attached biomass on the lava rock was examined according to APHA 
methods [1] and described as mg VSS/g bare lava rock. 15 mL air-tight bottles (VWR® 
Specimen Containers) were used to take bioparticle samples from the Riser and the 
Downer respectively, after flushing the sample holes with water to avoid bioparticle 
clogging. All the bioparticles with suspended solids were transferred to a 100mL vial and 
sonicated for 3 hours at 30 °C in an Aquasonic sonicator (Model 75HT, ETL Laboratory 
Testing, Inc., New York). After sonification, the VSS content of the detached biomass 
was measured using standard methods [1] and the sonicated particles were cleaned and 
weighed after drying at 550 °C for 1 hour to estimate the attached biomass (mg VSS/g  
lava rock). The compact volume of the dry lava rock was also measured in a 20 mL 
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cylinder to get the bare particle concentration per unit expanded bed volume (g lava 
rock/mL). The number of replications in bioparticle sample measurement was two. 
Attached biomass per bare particle and bare particle per reactive volume were 
recorded, which could present bioparticle density and biomass amount. The biofilm 
thickness was measured using a microscope (SteREO Discovery V8) coupled with 
photograph image analysis software (Image-Pro Analyzer).  
 
Figure S2 Operating conditions in the CFBBR 
 
Text S3 Attached biomass measurement 
Attached biomass on the lava rock was examined according to APHA methods [1] 
and described as mg VSS/g bare lava rock. 35mL air-tight bottle was used to take 
bioparticle samples from the riser and the downer, after flushing the sample holes with 
water to avoid bioparticle clogging. All the bioparticles with suspended solids were 
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transited in a 100mL vial and sonified for 3 hours at 30 °C in a Aquasonic sonicator 
(Model 75HT, ETL Laboratory Testing, Inc., New York). After sonification, the VSS 
content of the detached biomass was measured using standard methods [1] and the 
sonified particles were cleaned and weighted after drying at 550 °C for 1 hour to estimate 
attached biomass (mg VSS/g  lava rock). The compact volume of the dry lava rock was 
also measured with a 20 mL cylinder to get bare particle per reactive volume (g lava 
rock/mL). 
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Chapter  5 
  Impact of Worm Predation on Pseudo-Steady-State 
of the Circulating Fluidized Bed Biofilm Reactor * 
5.1 Introduction 
Various types of biofilm processes have been extensively utilized for biological 
wastewater treatment in the last 40 years, such as trickling filters, Rotating Biological 
Contactors (RBC), Moving Bed Biofilm Reactors (MBBR), and bio-filters (Mulder et al., 
2001b).  Compared to the traditional activated sludge system, the biofilm process is a 
more promising technology in terms of high biological volumetric conversion rate and 
resilience to shock loads and toxins, due to its large capacity of biomass immobilization 
and retention, steady rate of efficient metabolism, and stable and robust micro-ecosystem. 
Furthermore, biofilm processes can also reduce the extra biomass production by long 
Sludge Retention Time (SRT) and predation of the micro-consumer, by protozoa, metazo 
(Janssen et al., 1998) and oligochaeta (Elissen et al., 2006; Hendrickx et al., 2010).  
Different types of worm reactors have been developed in the last 10 years for 
reduction of waste activated sludge (Hendrickx et al., 2010; Liang et al., 2006b), where in 
an attached biofilm on fixed media with aquatic Oligochaete worm was established for 
Wasted Activated Sludge (WAS) reduction. The worm reactors are employed between 
the bioreactor and secondary clarifier (Tamis et al., 2011a), or installed in the sludge line 
only (Hendrickx et al., 2010). The microbiology of worms have been investigated by 
                                                 
 
*A version of this chapter has been published in Bioresource Technology, 2013 Vol 128: 281-289. 
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Liang，et. al. (Liang et al., 2006a) and Hendrickx (Hendrickx, 2009). More recently, the 
design and operational parameters of the worm reactor for large scale application were 
studied (Hendrickx et al., 2010; Hendrickx et al., 2011), and two full scale applications of 
worm reactors with predation have been reported: one in the Netherlands by Tamis et al. 
(2011) and one in China by Lou (2011). The Activated Sludge Model (ASM) was 
recently extended to include predation by incorporating the kinetic parameters for 
protozoa (Ni et al., 2010a). A predation process, associated with the large number of red 
thread worms attached on the biofilm indicating a longer food chain, would be expected 
to affect the balance of micro-community and the occurrence of macro-consumers 
translating to a lower biomass yield, since the loss of energy will increase with the length 
of food chain (Kreft and Bonhoeffer, 2005). Accordingly, the low biomass yield was 
coupled with the proliferation of aquatic worms.  
A great deal of effort went into developing aerobic bioparticle processes because of 
large specific surface area (over 1000 m2 m-3), translating to high volumetric removal rate. 
The mass transfer efficiency of bioparticle processes was also improved as fluidization of 
the particles was usually associated with intense mixing. Two basic types of bioparticles 
have been presented so far, i.e. aerobic granular sludge and particle supported biofilms 
(Nicolella et al., 2000a). Meanwhile, practically, the control of biofilm thickness for the 
aerobic bioparticle process has proven to be a problem (Safferman and Bishop, 1997b). 
Many researchers have tried to apply hydraulic shear stress or mechanical shear stress to 
balance the increasing bioparticle size caused by the rapid growth rate of heterotrophs 
(Heijnen et al., 2011).  
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The Circulating Fluidized Bed Biofilm Reactor (CFBBR), a bioparticle technology 
designed for biological nutrient removal (Cui et al., 2004b), could be effectively operated 
for reduction of sludge production because of its flexibility in switching between 
different fluidization regimes and the inherent advantages of bioparticle technology, i.e. 
decoupling of hydraulic retention time (HRT) from SRT, large specific surface area, 
control of biomass attachment and detachment, ideal conditions for biofilm ecosystem, 
and maximizing the utilization of nitrate as an electron acceptor.  
More recently, bioparticle circulation, as a novel method for biofilm control in 
bioparticle reactors, was evaluated in the CFBBR (Li et al., 2012). Bioparticle circulation, 
which was supported by the upflow velocity of the liquid together with aeration, begins at 
the feast anoxic reactor (Riser), which is operated in the circulating (fast) fluidization 
regime. Subsequently the rich bioparticles wash out from the Riser to the famine aerobic 
reactor (Downer), which is operated in traditional gas-liquid-solid three phase fluidization 
regimes. Due to the introduction of raw wastewater to the anoxic riser and the ensuing 
denitrification, relatively lower COD conversion rates and much higher nitrification rates 
predominate in the aerobic downer. The high shear forces in the aerobic downer 
combined with predation reduce the biofilm thickness of the riser bioparticles and 
eventually, particles are recirculated from the bottom of the Downer to the Riser and the 
cycle is repeated. The conceptual diagrams of CFBBR and bioparticle circulation are 
shown in Figure 5-1.  
In the aforementioned work (Li et al., 2012), we reported for the first time that 
aquatic worms were observed and successfully maintained on the bioparticles, but no 
enumeration nor delineation of their effect on bioparticle process performance was 
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undertaken. Therefore, the main objective of this paper is to study how the worms impact 
COD removal, nitrogen removal, and predation, and to discuss the evolution of worms in 
the CFBBR. The relationship between worm predation and sludge yield in the system is 
also examined with fixed substrate loading and constant operational conditions. In this 
study, through delineation of both temporal worm density and biofilm characteristics, we 
demonstrate a self-balancing micro-community, which will enhance the understanding of 
the worm predation bioparticle system. This self-balancing micro-community along with 
biomass enrichment predation (BEP) circulation (Figure 5-1) would provide an effective 
control of the bioparticle system integrated COD and nitrogen removal as well as strong 
predation. 
5.2 Materials and Methods 
5.2.1 Reactor Setup 
As shown in Fig. S1 (Supplementary data), one plexiglass lab scale CFBBR was 
established in the laboratory, and the reactor mainly consisted of an anoxic column (2 L) 
and an aerobic column (6.5 L). A liquid-solid separator was installed on the top of the 
aerobic column to avoid bioparticle wash out of the system. Sieved natural zeolite 
particles with an average diameter of 1000 μm (800–1200 μm) were used as bare 
particles for biofilm attachment, and the reactor was initially charged with a total of 1200 
g of natural zeolite particles, 200 g in the Riser and 1000 g in the Downer. The bulk 
(based on porosity of the packed media) density of particles was approximately 0.88 kg 
L-1 with a true density (the ratio of sample mass to its true volume) of 1.73 kg L-1 and 
surface area of bare particle 15.5 m2 g-1 determined with BET instrument (Micromeritics 
ASAP 2010; Micromeritics, USA). 
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Bioparticles circulate between the anoxic column and the aerobic column, which 
are named as the Riser and the Downer respectively based on the direction of bioparticle 
movement. The Riser has three sections with different diameters, with the smallest at the 
top, which allows the upflow velocity to increase in the top part, enhancing particle 
transfer to the Downer. The bottom section is designed smaller than the middle section to 
ensure a higher up flow velocity that maintains fluidization of the recirculated thin 
biofilm particles from the bottom of the Downer. There is a freeboard section on the 
Downer top, which is designed for outside aeration and bioparticle separation. The 
detailed dimensions of the CFBBR are shown in Table S1.  
The biofilm establishment process was similar to that reported by Cui et al (Cui et 
al., 2004b). Return activated sludge from the Adelaide Pollution Control Plant (London, 
Canada) was used as an inoculum. No worms were observed in the seed sludge Biofilm 
was formed in both the Riser and the Downer within one week, with coated biomass 
varying from 6 to 12 mg VSS g-1 particle. 
5.2.2 Operational Conditions 
The CFBBR was operated at room temperature (20±2°C) and synthetic acetate 
based wastewater was used as the substrate, characterized by a COD to nitrogen ratio of 
10:1 typical of municipal wastewater. The synthetic feed was prepared using a 
concentrated stock solution (NaCH3COO, 125 g L-1; NH4Cl, 27.5 g L-1; KH2PO4, 6.5 g L-
1), and a mineral salt stock solution (NiCl·6H2O, 75 mg L-1; CoCl2·6 H2O, 75 mg L-1; 
CuCl2 ·2H2O, 200 mg L-1; ZnCl2, 125 mg L-1; MnCl2·4H2O, 1250 mg L-1; FeCl3·6H2O, 
750 mg L-1; (NH4)6Mo7O24·4H2O, 200 mg L-1; H3BO3, 125 mg L-1; MgSO4 ·7H2O, 14 
g L-1; CaCl2·H2O, 6 g L-1). Subsequently the stock solution, mineral salt stock solution 
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and tap water were mixed at a volumetric ratio of 5:1:1000 in the feed tank (Cui et al., 
2004b). 
Both anoxic and aerobic beds were fluidized by recirculation of liquid flow from 
the liquid-solid separator top. The upflow velocities of the Downer and the Riser are 
shown in Table S1. In the Riser, when bioparticles entered the narrow top section, upflow 
velocity increased almost three times from 0.59 cm s-1 to 1.63 cm s-1, and as a result the 
bioparticles moved into the Downer, while 50 g of bare particles in the Downer were 
manually every 12 hours (twice a day) returned back to the Riser daily by opening the 
Downer-Riser connection valve. Bare particle circulation rate from the Downer to the 
Riser, determined by measuring the weight of cleaned bare particles trapped between the 
two valves on the connection tube, , was 100 g d-1, after drying at 550 °C for 1 hour, and 
the amounts of bare particle in the Riser and the Downer varied from 150-250 g and 950-
1050 g respectively. 
To avoid strong biofilm sloughing caused by the air bubbles in the Downer, both 
internal and external aeration were employed. The air flow-rate of the internal coarse 
bubble aeration (Fig. S1 #12) was 50 NL min-1 to maintain similar turbulence as in a fine 
bubble large scale aeration tank, and external aeration in the liquid-solid separator (Fig. 
S1 #11) was responsible for supplying enough oxygen to the bioparticles in the Downer. 
The concentration of dissolved oxygen in the Downer effluent was around 1-3 mg L-1. 
Since there was no sludge wastage in the whole system, the majority of biomass 
adhered to the bioparticle and some detached biomass was lost in the reactor effluent 
because of relative high upflow velocity (0.1 cm s-1 in the liquid-solid separator) for 
suspended biomass.  
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5.2.3 Analytical Methods 
Samples were collected twice a week to monitor the CFBBR performance. Samples 
of the influent, riser top (anoxic column) effluent, the effluent were taken in airtight 
bottles, refrigerated at 4 °C prior to analysis. Total suspended solids (TSS) and volatile 
suspended solids (VSS) were analyzed according to the Standard Methods (APHA, 
1981). DO was measured using Thermo Orion meter. HACH methods and testing kits 
(HACH Odyssey DR/2500) were used to measure total chemical oxygen demand 
(TCOD), soluble chemical oxygen demand (SCOD), NH4+-N, NO2--N, NO3--N, PO43--P 
and total phosphorus (TP)(APHA-AWWA-WPCF, 1981).  
Bioparticle samples were taken every week. Sampling valves were flushed before 
taking the bioparticle sample each time. Fifteen ml bioparticle samples were stored in 15 
ml airtight bottles prior to analysis. Each bioparticle sample was measured immediately. 
The biofilm thickness was measured using a microscope (SteREO Discovery V8) coupled 
with photograph analysis, as shown in Fig S2. Bioparticle samples were sonicated for 3 
hours at 30 °C to detach the biofilm by an Aquasonic sonicator (Model 75HT, ETL 
Laboratory Testing, Inc., New York). After sonication, the VSS content of the detached 
biomass was measured using the Standard Methods (APHA, 1981) and attached biomass 
per bare particle was recorded. Meanwhile, the numbers of red worms in the detached 
biomass following filtration through a 0.45 µm filter paper, and enumeration of worms 
retained on the filter paper, and the worm density (unit per gram biomass) was calculated. 
The specific nitrification rates (SNR) and specific denitrification rates (SDNR) of 
detached biomass and attached biomass were measured separately in batch tests (Patel et 
al., 2005). 500 mL samples of the Riser and the Downer effluents were used for SNR 
determination for detached biomass respectively. The detached VSS mixture from the 
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bioparticles was diluted to a VSS concentration of 50 mg L-1 for SNR determination for 
attached biomass, to ensure both batches, i.e. attached and detached, are at the same VSS 
contributions. 
5.3 Results and Discussion 
5.3.1 General Performance 
COD and N removal 
Figure 5-2 illustrates the temporal variations of SCOD removal, NH4+-N 
conversion and NO3--N removal over the whole periods of continuous feed operation. 
Effluent pH and alkalinity were stable throughout the whole experiment, and nitrite, 
though ranging mostly from 0.001 to 0.03 mg L-1, was never observed over 0.05 mgNO2--
N L-1 in the anoxic Riser and effluent. Effluent SCOD concentrations were always below 
30 mg L-1 at organic loading rate (OLR) of 4.62 kg COD m-3 d-1. The effluent NH4+-N 
concentrations were lower than 1 mg L-1, with an average NH4+-N conversion rate of 
98%, and very low nitrates in the anoxic effluent (less than 1 mg NO3--N L-1, except the 4 
samples collected immediately after the manual bioparticle circulation from the Downer 
to the Riser). The measured concentrations of dissolved oxygen in the Downer were 
2.0±0.7 mg L-1. The detailed data influent, anoxic Riser and effluent are shown in Table 
5-1. Pseudo-steady-state, which will be discussed later, was achieved after day 120. The 
observed biological removal rates were achieved with the HRT within 2 hours. 
Anoxic Riser and Aerobic Downer 
Denitrification was the main reaction in the anoxic riser, although limited oxygen 
entered into the anoxic riser with the recirculation flow from the Downer to the Riser. 
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The Riser operates under substrate abundance conditions with nitrate and oxygen as 
electron acceptors. 35.8 % of the total COD was removed, 32.4 % of NO3--N and 13.8 % 
of NH4+-N were biodegraded in the Riser, and the volumetric COD removal rate 
calculated based on the overall average data in Table 5-1 and the riser liquid volume was 
6.7 kg COD m-3 d-1. Interestingly, 67.6% of the NO3--N was removed in the aerobic 
Downer, which indicates simultaneous nitrification and denitrification (SND) in the 
biofilm with an average thickness of 350 μm. The specific denitrification rate of attached 
biomass in the Downer was 0.21 g NO3--N g VSS-1 d-1, as shown in Table 5-1, This rate is 
20% lower than that of the Riser, which is four times higher than the reported 0.046 g 
NO3--N g VSS-1 d-1 (Patel et al., 2005) with thin aerobic biofilm (around 30 μm). Hibiya 
et al. (Hibiya et al., 2004) demonstrated the oxygen penetration depth in biofilms, and 
also concluded that biofilms that are 300-400 μm thickness may be appropriate for SND 
and carbon oxidation, which agrees with our results. 
COD oxidation and nitrification were the main reactions in the aerobic downer. The 
calculated volumetric COD removal rate was 3.7 kg COD m-3 d-1, much lower than the 
rate of the Riser, and the volumetric NH4+-N conversion rate was 0.52 kg NH4+-N m-3 d-1. 
The occurrence of the aquatic Oligochaete worms in the Downer implies strong predation 
process inside the biofilm in the Downer. Approximately, bioparticles were moving from 
the Riser to the Downer automatically at an estimated solids circulation rate of 100 g bare 
particle per day, and the same amount of particles were circulated back manually from 
the Downer to the Riser. 
It should be also pointed out that the whole CFBBR system is a completely-mixed 
system with fluidization, where VSS concentration throughout the reactor was maintained 
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at a low level,  as the effluent VSS indicats, i.e. average of 51.4 mg VSS L-1. The general 
food to microorganisms ratio for suspended biomass is in the range of 0.05 to 0.25 g 
COD g VSS-1 d-1, therefore the maximum equivalent volumetric COD removal rate by 
suspended biomass is 0.034 kg COD m-3 d-1 (VSSave × F/Mmax × Vtotal / (Vr + Vd）), 
which is less than 1% of the overall volumetric COD removal rate (3.7 kg COD m-3 d-1). 
Thus, the CFBBR is very close to a “pure biofilm” system. 
The biomass-specific nitrification rates (SNR) and specific denitrification rates 
(SDNR) are shown in Table 5-1. The SNR of attached biomass in the Downer was twice 
that of Riser, which indicates nitrifiers on the riser bioparticles were mostly deactivated. 
The detached biomass exhibited only 20% of the attached biomass SNR on a per unit 
gram of VSS basis, emphasising selective biofilm washout, in which the biomass near the 
biofilm surface would be first detached. As many researchers reported, heterotrophs 
always dominate the outside of biofilms because of their faster growth rate (Bishop et al., 
1995; Rittmann and Manem, 1992), and thus nitrifiers are shielded from hydraulic shear 
stress. It must be asserted that although selected literature studies (Chatarpaul et al., 1980; 
Pajdak-Stós et al., 2010; Pogue and Gilbride, 2007) reported that worms selectively graze 
on nitrifiers, this was not observed in this study since the SNR at the top of the downer 
(where worms predominantly existed) averaged 0.52±0.08 g NH4+-N g VSS-1 d-1 very 
close to 0.56±0.07  g NH4+-N g VSS-1 d-1 observed at the bottom of the downer. 
Bioparticle Enrichment-Predation (BEP) circulation 
The CFBBR was operated as two different columns, the Riser and the Downer, 
where feast-famine and anoxic-aerobic conditions were maintained. The COD removal 
rate of the Downer was approximately 55% of the Riser. The upflow velocity of the 
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middle section in the Riser was 64% of the upflow velocity in the Downer, which meant 
higher hydraulic shear stress in the Downer. Moreover, aeration inside the downer caused 
stronger turbulence in the Downer. Therefore, the bioparticles in the Riser grew faster 
than the bioparticles in the Downer because of higher volumetric COD utilization rate 
and lower shear stress in the Riser. Subsequently, bioparticles were enriched in the Riser, 
before being transported from the Riser to the Downer top, where predation was 
established by the fast fluidization in the top section of the Riser. Bioparticle Enrichment-
Predation circulation was established in this study, i.e. enrichment (in Riser Bottom 
section), transportation (in Riser Top section), predator-cultivation (in Downer Top), and 
deactivation (in Downer Bottom). The conceptual schematic of BEP circulation is 
explained in Figure 5-1 b. 
5.3.2 Worm Profile and Impact on Performance and Operation 
The worm density curve of the downer bioparticles shows the worms' evolution 
process, with the blooming stage from day 80-110 and steady stage after day 120 clearly 
distinguishable in Figure 5-3d. As the worm densities of the Riser attached biomass and 
effluent VSS were always below 10 unit g-1 biomass, the worms were maintained in the 
aerobic downer. The photos in 
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Figure 5-4 b and c at the same height of the Downer show clearly different appearances 
between the worm blooming stage (around 80 days) with pseudo-steady-stage (after 120 
days), characterized by the worm density values of 105 unit g-1 biomass and 103 unit g-1 
biomass respectively. 
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Figure 5-4E and F show the detached worms during the blooming stage, and the worms 
lumping together after mechanical detachment from the bioparticles, consistent with the 
observations of other researchers (Wei et al., 2009).  A significant drop in the worm 
density was observed about 5 days after DO concentrations decreased in the Downer 
from an average value of 2.7 mg L-1 before 80 days to 1.6 mg L-1 after 80 days, as shown 
in Figure 5-3d. Although the Downer was operated at the same conditions throughout the 
experiment, effluent suspended solids concentrations also were observed to decrease after 
100 days, as shown in Figure 5-3c, simultaneously as the expanded bed height dropped to 
its lowest level (Figure 5-3b). The decreasing expanded bed height from day 80 to 100 
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corresponds to the worm blooming stage, which implies drastic predation process, and 
the attached biomass concentration on day 104 of 38 g VSS g-1 bare particle was also 30% 
lower than the average steady state value of 52.8±6 g VSS g-1 bare particle. The unstable 
bed height led to changes in turbulence, and in this case shear stress became the dominant 
factor affecting biomass detachment, which explains the occurrence of the maximum 
effluent VSS on day 100 and the rapid decrease and stablilization after the expanded bed 
height stabilized around day 120. The worm predation substantially reduced the biomass 
yield and the occurrence of the worms affected the balance of oxygen consumption and 
the overall biomass in the system. DO concentrations also had an impact on the worm 
density because of the sensitivity of aquatic worms to oxygen availability (Fischer and 
Beeton, 1975; Hendrickx et al., 2010). It must be asserted that, in this process, worm 
density was also impacted by the particle recirculation rate from the downer to the anoxic 
riser. Thus, the achievement of pseodo-steady-state in the CFBBR should not only be 
based on constant effluent quality and attached biomass concentration but should also 
consider worm density, noting that both a long aerobic SRT (>30 d) and a thick aerobic 
biofilm (> 200 μm) are necessary for worm development (Hendrickx, 2009). 
The decrease of biomass production leads to comparatively higher amonts of 
oxygen consumption for converting more biomass to CO2 and correspondingly lower DO 
concentrations in the Downer, since the overall oxygen supplied mainly by the circulated 
flow is constant. The worm density reduced 100 times with the drop of DO 
concentrations, and the average attached biomass (biomass per bare particle) increased 
slightly from 44.0 to 46.1 mg VSS g-1 bare particle as well. Correspondingly, an increase 
of the expanded bed height ensued the drop of the worm density, as shown in Figure 5-3a. 
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On day 100, DO concentrations became stable at 1.6 mg L-1, effluent VSS decreased to 
around 40 mg L-1 after 10 days (Day 110) and the expanded bed height increased to 2500 
mm after another 10 days (Day 120). Thereafter, the worm predation along with the SRT 
and overall biomass amount reached pseudo-steady-state conditions. The pseudo-steady-
state was achieved after 120 days in terms of stable expanded bed height in the Downer 
and effluent VSS concentrations, which imply constant biomass concentration and SRT 
in CFBBR. 
This study shows that worm bioparticles can be developed and maintained at 
pseudo-steady-state in the CFBBR. The worms density was controlled by bioparticle 
circulation and the self-balancing micro-community as explained in 
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Figure 5-4. After the bioparticles circulated from the Downer to the Riser, the attached 
worms were inactive in the Riser because of the anoxic environment. In the Downer from 
day 70 to day 120, there was a process that established the balance between the worms, 
bacteria, substrate, and oxygen in the bioparticle system, reflected by worm density, 
biomass density, expanded bed height, effluent VSS and DO concentrations, which is 
termed as “self-balancing micro-community”. With the self-balancing process of worm 
bioparticles, the pseudo-steady-state can be achieved in the integrated BNR and worm 
predation CFBBR. 
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There was no significant difference in COD removal and N removal of the CFBBR 
between the worm blooming stage and steady state, with average effluent COD 
concentration of 19.6 mg L-1 before day 120 dropping slightly to 18.5 mg L-1 after day 
120, and the effluent ammonia and the Riser’s nitrate stable at 0.6 NH4+-Nmg L-1 and 0.5 
NO3--N mg L-1 respectively. However, the average effluent nitrate varied from 4.3 
(before day 120) to 3.4 NO3--N mg L-1 (after day 120), and the standard deviation 
decreased from 1.5 to 1.2 NO3--N mg L-1, which indicates that the more steady and higher 
expanded bed height in the downer during steady state increased the stabilities 
simultaneously nitrification and denitrification in the Downer. The specific nitrification 
activities of the Downer attached biomass increased from 0.488 to 0.615 g NH4+-N g-1 
VSS d before and after steady state, while SNR of detached biomass in the Downer and 
the attached and detached biomass in the Riser remained stable, which indicates that the 
nitrifier biocommunity was enriched due to the reduction of the worms’ population, 
consistent with other reports showing that nitrifiers are priorily preys of 
predators(Moreno et al., 2010; Yu et al., 2011). 
5.3.3 Mass Balance and Sludge Yield 
The overall mass flow of the CFBBR system is described in Table 5-2, and the 
carbon and biomass balances have been calculated using pseudo-steady-state 
experimental data of the process influent, effluent from the anoxic and aerobic columns, 
as shown in Table 5-2. Since there was no excess biomass wasted from system, the 
observed yield was calculated from the cumulative biomass leaving with the effluent 
versus the cumulative COD removed across the system, and a low sludge yield of 0.082 
mg VSS mg COD-1 was achieved during pseudo-steady-state. 
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A simple biomass yield model could be established for the CFBBR, taking into 
consideration the two types of microbial populations, aerobic heterotrophs in the Downer 
and anoxic heterotrophs in the Riser (Li et al., 2012). 
Therefore, the following model is proposed: 
    (1) 
Where,  
ε,  ratio of COD removed anoxically in the Riser, 
Yrmax, true yield of anoxic heterotrophs in the Riser, 
θrc,  Specific SRT of anoxic heterotrophs in the Riser, 
br,  microbial decay of anoxic heterotrophs, 
Ydmax, true yield of aerobic heterotrophs in the Downer, 
θdd,  Speicific SRT of aerobic heterotrophs in the Downer, 
bd,  microbial decay of aerobic heterotrophs. 
A low biomass yield of 0.082 mg VSS mg COD-1 was achieved concomitant with a 
16 day SRT, as shown in Table 5-3, reflecting the enhanced microbial decay due to worm 
predation at pseudo-steady-state conditions. Typical decay rate of aerobic heterotrophs 
and anoxic heterotrophs in traditional activated sludge systems range from 0.06 d-1  to 
0.15 d-1, with 0.1 d-1 at 20 °C suggested as typical (Tchobanoglous et al., 2003). The 
relatively long SRT in the downer to 31 days had a significant effect on the low sludge 
yield. As shown in Table 5-3, the calculated net sludge yield based on the typical decay 
rate of 0.1 d-1 is 0.077 g VSS g COD-1 consumed in the downer which results in an 
overall yield of 0.094 g VSS g COD-1 for the whole reactor, yet the measured net sludge 
yield in the downer base on the mass balance shown in Table 5-2 was 81% of the 
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calculated yield for the downer and 87% for the overall CFBBR. This indicates that the 
long SRT in the downer accounts for over 80% of biomass reduction, and the increased 
decay rates caused mainly by worm predation contributes to the remaining sludge 
reduction.  
The decay rates of the Downer biomass, bd, were coupled to the process of 
lysis/death and the predation, which lead to a significant sludge reduction for this rich 
bioparticle system compared with other biofilm technologies. Br and bd also differ 
markedly, due to the environmentally different conditions i.e. organic substrate-limitation 
in the Downer encouraging the lysis/cryptic growth (Mason and Hamer, 1987), and 
predators versus anoxic substrate-rich conditions in the Riser. The model parameters and 
estimated bd values are shown in Table 5-3. The relatively larger aerobic decay rate (bd) of 
0.126 d-1 calculated based on equation 1 is comparatively higher than the 0.1 d-1 for 
traditional activated sludge system. The higher decay rates are typically observed in long 
SRT systems where conditions may be conducive to worm development (Khursheed and 
Kazmi, 2011). 
5.3.4 Worm Kinetic Calculation 
The sludge reduction by worm predation can be estimated based on the worm 
kinetics, and the calculation procedures are as follows 
i) Determination of the COD fraction of worms 
Component Dry weight of 
Tubificid 
worm, % 
Molecular 
form 
Equivalent 
COD ratio, g 
COD/g 
References 
Protein 63 C6H14O2N2 1.53* (H. J. H. Elissen 
et al., 2010) Fat 25 C57H104O6 2.90 
Carbon hydrate 7 C6H10O5 1.19 
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Ash 6 inert 0 
COD fraction of worms, 1.53x63% + 2.9x25% + 1.19x7%=1.77 mg COD/ mg dry weight 
* COD ratio of protein, 32x(6+3.5-1-1.5)/(12x6+14+32+28)=1.53 g COD/g protein. 
 
ii) Worm quantification in the CFBBR 
Appleby and Brinkhurst (1970) reported that the general wet weight of Tubificid 
worms are 3 to 8 mg per unit, and the dry weight of the worm is around 10% of the wet 
weight. At the psuedo-steady-state of the CFBBR, the average worm density was 512 
unit/g biomass at the top of downer, and less than 10 unit/g biomass at the bottom of the 
downer. Thus the overall worms' wet weight is 74.6 g 
(52 ௠௚	௕௜௢௠௔௦௦௚	௕௔௥௘	௣௔௥௧௜௖௟௘ ൈ 1000	݃	݌ܽݎݐ݈݅ܿ݁ ൈ
ହଵଶାଵ଴
ଶ ݑ݊݅ݐ ൈ 5.5
௠௚	௪௘௧	௪௘௜௚௛௧
௚	௕௜௢௠௔௦௦ ൌ
74.6	݃	ݓ݁ݐ	ݓݎ݋݉ݏ). 
iii) Sludge reduction by worm predation 
Since the worms are fed by VSS mainly, the VSS utilization rate can be expressed 
as ݍ௪௢௥௠ ൌ ఓ೘ೌೣ௒ೢ ೚ೝ೘ ൈ
ௌೇೄೄ
௄ೇೄೄାௌೇೄೄ ൈ
஽ை
௄ೀା஽ை,  
Where,  
ߤ௠௔௫, the maximum growth rate of attached worms, 0.01 d-1 (T.L.G.  Hendrickx  et 
al., 2010a); 
௪ܻ௢௥௠, maximum yield of worms, 0.2 g wet worm/g VSS (Buys et al., 2008); 
ܭ௏ௌௌ, VSS solid affinity constant for predators, 43.8 mgCOD/L (Ni et al., 2010); 
ܭை,  DO affinity concentration for predators, 0.2 mg/L (Gujer et al., 1999). 
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Thus, the VSS consumption by worm predation is 3.29 g VSS/d  
( ଴.଴ଵ	ௗ
షభ
଴.ଶ௚	௪௘௧௪௢௥௠/௚௏ௌௌ 	ൈ 1 ൈ
ଵ.ହ
଴.ଶାଵ.ହ ൈ 74.6݉݃	ݓ݁ݐ	ݓ݋ݎ݉ݏ), which is 10% of 32.8 g VSS 
(400 mg COD/L×0.082 mg VSS/mg COD) the sludge production of the CFBBR at 
pseudo-steady-state. 
5.4 Conclusions 
This study demonstrated the feasibility of the pseudo-steady-state operation of the 
CFBBR for integrated COD, nitrogen removal and worm predation. The bioparticle 
process involving worm predation proved to be achievable through a self-balancing worm 
bioparticle process and BEP circulation, i.e. the process maintained predator cultivation 
in the aerobic zone biofilm, and enriched the biofilm thickness and predator deactivation 
in the anoxic zone biofilm. The worm density correlated negatively with DO 
concentration and sludge yield and positively with the expanded bed height in the 
Downer, SRT, and biomass density. Pseudo steady-state conditions were only achieved 
following the stabilization of worm density. 
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Figure 5-1 Conceptual diagrams of Circulating Fluidized Bed Biofilm Reactor(CFBBR) and 
Bioparticle Enrichment Predation(BEP) circulation a) Schematic of CFBBR b) Real-time 
pictures of bioparticles in the Riser and the Downer c) Bioparticle samples with red worms d) 
Aquatic worms under microscope (×200) e) Schematic of BEP circulation. 
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Figure 5-2  COD, NH4+-N and NO3--N removal in CFBBR 
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Figure 5-3 Biomass/particle ratio, expanded bed height, effluent VSS, worm density and DO 
concentration of CFBBR  
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Figure 5-4 Conceptual diagrams of self-organizing worm bioparticle process a) Schematic of CFBBR with bioparticle 
circulation b) Real-time pictures of the Downer during worm blooming stage  c) Real-time pictures of the Downer during 
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steady stage d) Relationship between the worm density with DO concentration e) Detached aquatic worms f) Real-time 
pictures of separated aquatic worms. 
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Table 5-1 Performance data and biomass profile 
Parameter (mg L‐1, except pH)  Feed
* Anoxic  Eff. 
Overall After day 120 Overall After day 120
pH 7.3 7.4 7.4 7.1 7.1
Alkalinity** 210 280 280 200 205
SCOD 397±31 78±12 82.3±12.1 19±6 18.5±5.8
NH4+-N 40±4.6 11.5±1.0 11.7±1.0 0.6±0.5 0.6±0.6
NO3—N <0.2 0.5±0.5 0.5±0.5 3.9±1.5 3.4±1.2
TSS <5 - - 56.1±21.9 37.1±7.0
VSS <5 - - 51.4±20.1 34.0±5.8
COD loading*** 4.62 kg COD m-3 d-1
Nitrification loading*** 0.77 kg NH4+-N m-3 d-1
COD removal % 95.2%
TN removal % 88.8%
Chapter 3  Units Riser Downer 
SNR of attached biomass g NH4+-N g VSS-1 d-1 0.19±0.02 0.56±0.07 
SNR of detached biomass g NH4+-N g VSS-1 d-1 0.05±0.01 0.10±0.01 
SDNR of attached biomass g NO3—N g VSS-1 d-1 0.26±0.03 0.21±0.02 
 Bottom Top Bottom Top 
Biofilm thickness  μm 120 600 140 560 
* Average ± standard deviation 
** Alkalinity calculated as mg CaCO3 L-1 
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** * COD loadings and Nitrification loadings are calculated based on the whole reaction column, as shown in Table S1. 
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Table 5-2 Biomass and carbon mass balance calculation 
  Riser Downer
Mass in Mass out Mass in Mass out 
Biomass balance 
XDA×Qc * XRA×Qc XRA×Qc XDA×Qc 
XDD×3Q ** XRD×4Q XRD×4Q XDD×4Q 
g VSS d-1 14.1 16.0 16.0 17.5 
Carbon balance 
Q×S0COD - - Q×SDCOD 
3Q×S0COD 4Q×SRCOD 4Q×SRCOD 3Q×SDCOD 
1.42***×XDA ×Qc 1.42×XRA×Qc 1.42×XRA×Qc 1.42×XDA×Qc 
1.42×XDD×3Q 1.42×XRD×4Q 1.42×XRD×4Q 1.42×XDD×4Q 
g COD d-1 66.3 55.6 55.6 31.5 
 
* Mass balance of the Riser 
and the Downer are shown on 
the right. 
XDA, attached biomass of the 
bioparticles in the Downer;  
XRA, attached biomass of the 
bioparticles in the Riser; 
XDD, detached biomass of the 
bioparticles in the Downer; 
XRD, detached biomass of the 
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bioparticles in the Riser; 
Q, influent flow-rate, 100 L d-1; 
Qc, bioparticle circulation rate, 100 g bare particle per day 
** QDR = 400% Q, flow rate of Downer to Riser circulation, from the operational conditions in Table S1. 
*** C5H7O2N is used as the empirical formula of bacteria, and the COD/weight = 1.42. 
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5.5 Supplementary Data 
List of contents of the supporting information: 
Fig. S1 CFBBR lab scale reactor for particle circulation 
Fig. S2 Biofilm thickness measurement 
Fig. S3 Calculated sludge yield of CFBBR 
Table S1 Dimensions of the CFBBR and Operational upflow velocities 
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Fig. S1 CFBBR lab scale reactor for particle circulation 
1 Riser bottom section, 
2 Riser middle section, 
3 Riser top section, 
4 Downer section, 
5 Freeboard, 
6 D-D circulation pump, 
7 D-R circulation pump, 
8 Particle circulated pipes, 
9 Feed water inlet, 
10 Effluent water outlet, 
11 Top Air inlet, 
12 Bottom Air inlet. 
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Fig. S2 Biofilm thickness measurement
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Fig. S3 Calculated sludge yield of CFBBR 
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Table S1 Dimensions of the CFBBR and Operational upflow velocities 
 Sections 
Volume* 
L 
Diameter 
mm 
Flow  L/d Upflow 
velocity 
cm s-1 
Feed 
D-R 
flow 
D-D 
flow 
Riser 
Top section 0.47 19.05 100 300 - 1.63 
Middle section 1.02 19.05 100 300 - 0.59 
Bottom section 0.51 25.4 100 300 - 0.91 
Downer 
Reaction 
column 
6.5 50.8 - - 1600 0.91 
Others Freeboard** 14 152.4 100 300 1600 0.10 
* The volume is the effective volume, not including the part above water level. 
** Thus, Vr = 2 L, Vd = 6.5 L, Vf = 14 L, Vtotal = Vr + Vd + Vf = 22.5 L 
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Table 5-3 Yield model parameters calculation 
Parameter Unit Riser Downer Overall
Avg. attached biomass,  
mgVSS g-1 
lavarock 
46.9±4.5 46.2±4.5 - 
Avg. Solids Residence Time*, SRT,  days 4.9 30.8 16 
True yield of heterotrophs**, Yrmax 
and Ydmax, 
mg VSS mg COD-1 
0.252 0.315 0.315 
Ratio of COD removed***, ε 
 
0.31 0.69 -
Calculated net sludge yield****, Y’ob mg VSS mg COD-1 0.178 0.077 0.094
Measured Net sludge yield*****, Yob mg VSS mg COD-1 0.178 0.062 0.082
decay rate of heterotrophs, br, bd d-1 0.100 0.126 0.178
 
SRTR is calculated based on the biomass production in Table 5-2 and overall biomass 
in the Riser, 
 
SRTD is calculated based on the biomass production in Table 5-2 and overall 
biomass in the Downer, 
 
SRToverall is calculated based on the overall biomass in the CFBBR and effluent 
VSS,  
Chapter 5. Pseudo-Steady-State                                                  168 
 
 
 
 where M is the weight of particles (g), 
Xanoxic and Xaerobic are the attached VSS (mg) per each gram media in the anoxic 
and aerobic column respectively, 
Xwastage is the amount of VSS (mg) wasted per day,  
VSSeffluent is the concentration of biomass in the effluent (mg L-1),  
and Qeffluent stands for the effluent flow rate (L d-1). 
The suspended VSS of the whole volume takes less than 3% of the total biomass 
in terms of low concentration, less than 40 mg VSS L-1, so the suspended biomass is 
neglected during the calculation of SRT. 
    ** Reported values of true yield with sodium acetate as carbon sources, Ydmax of 
0.315 mg VSS mg COD-1, Yrmax of 0.252 mg VSS mg COD-1 (McCarty, 2007; Xiao and 
VanBriesen, 2008). 
***  Ratio of COD removed anoxically in the Riser is calculated based on Table 5-2. 
**** Calculated yield are calculated based on equation,  Y= Ymax/(1 + SRT ×b), with 
the typical decay rate b of 0.1 d-1 
***** Measured Net sludge yield of the Riser and the Downer are calculated based on 
Table 5-2, and the overall net sludge is obtained from Fig. S3. 
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Chapter  6  
  Modeling the Circulating Fluidized Bed Biofilm Reactor 
with 1D-bioparticle model * 
     
6.1 Introduction 
In biological wastewater treatment, aerobic granular sludge and particle-supported biofilms 
are the two main aerobic wastewater treatment technologies (Nicolella et al., 2000d). Formation 
of aggregated biomass offers advantages, as compared to suspended flocs, in decoupling solid 
retention time (SRT) from hydraulic retention time (HRT), hence reducing the bioreactor volume 
(Flemming, 1999). Additionally, the large specific surface area of particulate biofilm reactors 
helps achieve high volumetric substrate conversion rates, thus reducing the reactor size (Mulder 
et al., 2001b). Meanwhile, since the high conversion rate of bioparticle processes is generally 
attributable to large specific surface area (over 2000 m2/m3), the surface loading rate of the 
biofilm or biogranule is relatively low, which usually leads to slow biomass growth (Safferman 
and Bishop, 1997b). Furthermore, the predation process, which plays an important role in 
reducing sludge quantities (Ni et al., 2010b), could also be encouraged by long biomass retention 
time, as thick biofilm and granular sludge provide the optimal conditions for the growth of 
protozoa and metazoa (Matz et al., 2005). 
                                                 
 
*A version of this chapter has been submitted in Biotechnology and BioEngineering, 2012 
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Although there are numerous studies on the application of aerobic bioparticle processes, 
such as fluidized beds (Abdul-Aziz and Asolekar, 2000), air lift reactors (Heijnen et al., 2011), 
and granular sludge sequencing batch reactors (Yilmaz et al., 2008b) for BNR, the control of 
biofilm thickness for aerobic bioparticle process has proven to problematic (Safferman and 
Bishop, 1997b). Many researchers have tried to apply hydraulic shear stress or mechanical shear 
stress to balance the increasing bioparticle size caused by the rapid growth rate of heterotrophs 
(Heijnen et al., 2011).  
The Circulating Fluidized Bed Biofilm Reactor (CFBBR), a bioparticle technology 
designed for biological nutrient removal (Cui et al., 2004b), could be effectively operated for 
reduction of sludge production because of its flexibility in switching between different 
fluidization regimes and the inherent advantages of bioparticle technology, i.e. decoupling of 
hydraulic retention time (HRT) from SRT, large specific surface area, control of biomass 
attachment and detachment, and maximization of the utilization of nitrate as an electron acceptor. 
Moreover, the success of bioparticle circulation, as a novel method for biofilm control, has been 
recently documented (Li et al., 2012).  
Recently, biofilm models have also been successfully applied by researchers and engineers 
for analysis and engineering design, with the existence of several commercial products, such as 
AQUASIM 2 (Swiss Federal Institute for Environmental Science and Technology, EAWAG) 
(Wanner and Morgenroth, 2004), Aquifas 4 (Aquifas Inc, )(Sen and Randall, 2008b), BioWin 3 
(Envirosim Associates, Ltd.), and GPS-X 5 (Hydromantis, Inc.) (Morgenroth et al., 2004). Most 
of the aforementioned commercial software is well-suited to model processes like the MBBR 
and IFAS, where the biofilm surface area is constant and controlled by the bare media specific 
surface area due to the very low ratio of biofilm-to-media dimensions. However, the modeling of 
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particulate biofilm reactors, such as granular sludge reactors and fluidized bed reactors, remains 
very challenging due to the complexity of integrating the hydrodynamic parameters into biofilm 
kinetic equations, and modeling fine and space-dependedent surface areas.  
In our previous studies, biofilm control in the CFBBR by particle recirculation was 
examined by using synthetic wastewater in the laboratory. In this study, the long-term stability of 
the CFBBR for biological nutrient removal was examined by using the municipal wastewater 
(MWW) from the Adelaide Pollution Control Plant in London, Canada. Meanwhile, a biofilm 
model with a dynamic SSA that considers hydrodynamic effects (1D-bioparticle model) is 
developed. A CFBBR conceptual model based on 1D-bioparticle model was established, and the 
experimental data of the MWW test was used for model calibration.  
6.2 Materials and Methods 
6.2.1 Reactor Setup 
As shown in Figure S1 (Supplementary data), one plexiglass lab scale CFBBR was setup at 
the Adelaide Water Pollution Plant in London, ON, Canada, and the reactor mainly consisted of 
an anoxic column (1 L) and an aerobic column (4.8 L). A liquid-solid separator was installed on 
the top of the aerobic column to avoid bioparticle wash out of the system. Sieved natural zeolite 
particles with an average diameter of 630 μm (400–800 μm) were used as bare particles for 
biofilm attachment, and the reactor was initially charged with a total of 700 g of natural zeolite 
particles, 50 g in the Riser and 650 g in the Downer, which dropped to 450 g in the Downer after 
86 days due to particle loss. The bulk (based on porosity of the packed media) density of 
particles was approximately 880 kg m-3 with a true density (the ratio of sample mass to its true 
volume) of 1730 kg m-3 and surface area of bare particle 15.5 m2 g-1 determined with BET 
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instrument (Micromeritics ASAP 2010; Micromeritics, USA) (Andalib et al., 2010). The detailed 
dimensions of the CFBBR are shown in Table S1.  
6.2.2 Operational Conditions 
In this study, the temperature of the system varied from 14°C to 24°C during March to 
September, and the reactor was running continuously for 150 days. The degritted municipal 
wastewater was fed directly from the wastewater channel after the grit chamber. 
Both anoxic and aerobic beds were fluidized by recirculation of liquid flow from the 
liquid-solid separator top. In the Riser, the bioparticles moved into the Downer, while around 50 
g of bare particles in the Downer were manually every 7 days (once a week) returned back to the 
Riser by opening the Downer-Riser connection valve. Bare particle circulation rate was 7 g d-1. 
To avoid strong biofilm sloughing caused by the air bubbles in the Downer, external 
aeration was employed to supply dissolved oxygen to the Downer. Since there was no sludge 
wastage from the system, the majority of biomass adhered to the bioparticle and some detached 
biomass was lost in the reactor effluent.  
6.2.3 Analytical Methods 
Samples were collected twice a week to monitor the CFBBR performance. Samples of the 
influent and the effluent were taken in airtight bottles, and refrigerated at 4 °C prior to analysis. 
Total suspended solids (TSS) and volatile suspended solids (VSS) were analyzed according to 
the Standard Methods (APHA, 1981). DO was measured using Thermo Orion meter. HACH 
methods and testing kits (HACH Odyssey DR/2500) were used to measure total chemical 
oxygen demand (TCOD), soluble chemical oxygen demand (SCOD), NH4+-N, NO2--N, NO3--N, 
PO43--P and total phosphorus (TP)(APHA-AWWA-WPCF, 1981).  
Bioparticle samples were taken every week from both columns. Fifteen ml bioparticle 
samples were stored in 15 ml airtight bottles prior to analysis. Each bioparticle sample was 
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measured immediately. The biofilm thickness was measured using a microscope (SteREO 
Discovery V8) coupled with photographic analysis. Bioparticle samples were sonicated for 3 
hours at 30 °C to detach the biofilm by an Aquasonic sonicator (Model 75HT, ETL Laboratory 
Testing, Inc., New York). After sonication, the VSS content of the detached biomass was 
measured using the Standard Methods (APHA, 1981) and attached biomass per bare particle was 
recorded. Meanwhile, the numbers of red worms in the detached biomass following filtration 
through a 0.45 µm filter paper and enumeration of worms retained on the filter paper, and the 
worm density (unit per gram biomass) was calculated. The specific nitrification rates (SNR) and 
specific denitrification rates (SDNR) of the detached biomass and the attached biomass were 
measured separately in batch tests (Patel et al., 2005). 500 mL samples of the Riser and the 
Downer effluents were used for the SNR determination of the detached biomass respectively. 
The detached VSS mixture from the bioparticles was diluted to a VSS concentration of 50 mg L-1 
for SNR determination for attached biomass, to ensure both batches with attached biomass and 
detached biomass were at the same VSS contributions. 
6.2.4 Model Software 
The simulation software, Berkeley Madonna 8.3.9, developed by Robert Macey and 
George Oster of the University of California at Berkeley, was used to solve this 1D-bioparticle 
model and conceptual CFBBR model. Normally, semi-empirical models can be readily solved by 
using a spreadsheet, but 1D model must be solved numerically with computing software. 
However, the aforementioned commercial software, i.e. BioWin, Aquifas, and GPS-X, are not 
open-source, and can hardly be implemented with hydrodynamic equations. Berkeley Madonna 
is a fast, convenient, general purpose differential equation solver, developed on the Berkeley 
campus under the sponsorship of NSF and NIH (Macey et al., 2000). It is currently used by 
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academic and commercial institutions for constructing mathematical models for research and 
teaching, especially in the area of biological research.  
6.2.5 Calibration Protocol 
Three sequential steps for bioparticle model calibration were demonstrated (Eldyasti et al., 
2012), such as i) detachment,  which mainly controls the biofilm thickness, ii) kinetics and 
stoichiometry, which are used for adjusting reactor performance, i.e. effluent substrate 
concentrations, and iii) biofilm properties such as the number of biofilm segments and the 
thickness of the liquid diffusion segment, which are used for final turning. Based on the 
sensitivity analysis of bioparticle modelling process, the detachment approach is more important, 
because the biofilm thickness is predominantly governed by the detachment rate, and the kinetics 
and stoichiometry do not significantly affect the biofilm thickness in the bioparticle process. 
Therefore, the detachment rate coefficient (bdet) was used primarily to fit the experimental 
biofilm thickness (Lf). The second step was to calibrate kinetic and stoichiometric parameters, i.e. 
substrate utilization rate (qH) , decay rate (bH), and half-saturation coefficient (KS, KN). Finally 
the heterogeneous biofilm properties, including the number of segments (N), the thickness of the 
liquid layer (Lw), and the diffusional coefficients, need to be calibrated. 
6.3 1D Bioparticle Model Development 
6.3.1 Assumptions and Simplifications 
In this study, a one-dimensional (1D) bioparticle biofilm model was developed with single 
substrate, and variable SSA, linked to the bed porosity and biofilm thickness, which are 
determined by hydrodynamic conditions and biofilm kinetics, respectively. The following 
assumptions are considered for 1D-Bioparticle model. 
1) Pure biofilm system, i.e. little contribution of suspended biomass to biodegradation; 
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2) Single substrate in the bulk water with complete mixing; 
3) Bare particles are homogeneous in size and spherical in shape; 
4) Biofilm has a single heterotrophic culture with homogeneous density and biomass 
activity; 
5) Growth kinetics follow Monod equation; 
6) Mass transfer is described by Fick's second diffusion law; 
7) Detachment rate is constant under the operating conditions. 
The biofilm was divided into N (N>10) segments and a stagnant liquid layer is also 
incorporated. In each segment, chemical oxygen demand (COD) and dissolved oxygen (DO) or 
nitrate are utilized by microorganism. The flux rates are driven by the concentration difference 
between segments. The overall transfer and biological reactions consist of two parts, namely, 
external mass transfer, and internal mass transfer with reaction. The overall density of 
bioparticles varies due to changing biofilm thickness. Correspondingly, the bed expansion 
determined by hydraulic drag force on the bioparticles is also affected by the biofilm thickness. 
Thus, the specific surface area, calculated by the size of bioparticle and bed voidage, which 
explains the relationship between biofilm kinetics and hydrodynamic coefficients in bioparticle 
process, becomes a function of the biofilm thickness as well. The schematics of this 1D-
bioparticle model are demonstrated in Figure 6-2. 
6.3.2 Mathematical Equations 
The mathematical equations are mainly based on the 1D biofilm Model proposed by 
(Wanner and Gujer, 1986), in addition to hydrodynamic features specific to the FBR such as 
expanded bed height, bioparticle density, and bed voidage, to achieve effective simulation for 
dynamic specific surface area. The numerical 1D-Bioparticle model is presented in Figure 6-2.  
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Model equations can be grouped into three distinct categories according to the level of 
diffusion or reaction scales, i.e. reactor scale (full system scale), biofilm scale, and 
hydrodynamic scale. Activities employed at the full system scale include substrate accumulation 
in the reactor, and substrate diffusion into the bioparticles. In the biofilm scale, equations that 
present the complexity of biofilm segments include (i) continuity and momentum equations for 
each segment, (ii) mass balance equations for electron donor and electron acceptor in boundary 
layer, (iii) biofilm growth kinetics, (iv) Monod-type substrate-utilization kinetics. Equations 
involved in the hydrodynamic expressions describe bed voidage as a function of Archimedes 
number (Ar), rather than Reynolds number (Re) as the traditional Richardson-Zaki equation 
proposed (Richardson and Zaki, 1958). 
Reactor scale 
The reactor scale defines overall conversions occurring at the whole bulk liquid as a 
completely mixed container. Conservation of mass of all the components follows the principle of 
mass balance, and Fick's first law describes diffusion. In mathematical terms, for any component, 
this is written as 
ܸ ௗௌௗ௧ ൌ ܨ௜௡ െ ܨ௢௨௧ ൅ ܬ௦ܸܽ ൅ ܨ௦     (1) 
ܬ௦ ൌ ܦ௙ ௗௌௗ௭ │௭ୀ௅ೢ ൌ
஽ೞ
௅ೢ ሺܵ௦௕ െ ܵ௦௦ሻ    (2)	
where t is time (T), S is the substrate concentration in bulk liquid (ML-3), V is the effective 
volume of bulk liquid phase (L3), Fin and Fout are the substrate mass flow rates in the influent and 
the effluent (MT-1, Fin = Qin × S0, Fout =Qout × Sb), Js is the substrate mass flux (ML-2T-1), a is the 
effective specific surface area (L-1), Fs is the substrate removal rate in liquid phase (ML-1), Ds is 
the substrate diffusion coefficient in liquid layer (L2T-1), Ssb is the substrate concentration in 
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liquid phase (ML-3), S0 is the substrate concentration in the influent, Sss is the substrate 
concentration in liquid layer, and Lw is the thickness of liquid layer (L). 
For each component, the mass balance can be expressed as 
Organic substrate :    V ௗௌೞ್ௗ௧ ൌ ܳሺܵ଴ െ ܵ௦௕ሻ െ
஽ೢ
௅ೢ ሺܵ௦௕െܵ௦௦ሻܸܽ    (3) 
Oxygen :    V ௗ௑ೀௗ௧ ൌ ܸܭ௅௔ሺܺ஽ை െ ܺ௦௕ሻ െ
஽ೀ
௅ೢ ሺܺ௦௕ െ ܺ௦௦ሻܸܽ    (4) 
Nitrate :    V ௗ௑ಿௗ௧ ൌ ܳሺܺே െ ܺ௦௕ሻ െ
஽ಿ
௅ೢ ሺܺ௦௕ െ ܺ௦௦ሻܸܽ    (5) 
Biodegradation in the liquid phase is ignored, because the bioparticle process is treated as a 
pure-biofilm system. Oxygen is the electron acceptor in the aerobic process, and nitrate is the 
electron acceptor in the anoxic process. 
Biofilm scale 
The biofilm is divided into N (N>10) segments as shown in , and each segments is viewed 
as one small biomass containers; thus mass balance and diffusion in each biomass container 
follow the same principles as equations 1 and 2. Therefore, the mass balances in each segment 
are 
Organic substrate : ௗௌ೔ௗ௧ ൌ
஽∗ೢ
௅೑೔ ሺ ௜ܵିଵ െ ௜ܵሻ
ଵ
௅೑೔ െ
஽∗ೢ
௅೑೔ ሺ ௜ܵାଵ െ ௜ܵሻ
ଵ
௅೑೔ ൅	ݎ௦௜  (6) 
Dissolved oxygen : ௗ௑೔ௗ௧ ൌ
஽ೀ∗
௅೑೔ ሺ ௜ܺିଵ െ ௜ܺሻ
ଵ
௅೑೔ െ
஽ೀ∗
௅೑೔ ሺ ௜ܺାଵ െ ௜ܺሻ
ଵ
௅೑೔ ൅	ݎை௜  (7) 
The wall boundary layer is defined as the inside layer of the liquid segment, or say the 
outside layer of the biofilm, i.e. segments N with SN = Sss, consequently the mass balances in 
boundary layer are 
Organic substrate: ௗௌಿௗ௧ ൌ
஽∗ೢ
௅೑೔ ሺ ௜ܵିଵ െ ௜ܵሻ
ଵ
௅೑೔ ൅	ݎ௦௜    (8) 
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Dissolved oxygen: ௗ௑ಿௗ௧ ൌ
஽ೀ∗
௅೑೔ ሺ ௜ܺିଵ െ ௜ܺሻ
ଵ
௅೑೔ ൅	ݎ௦௜    (9) 
The biofilm thickness as a function of biomass yield and decay in the biofilm, and 
detachment at the biofilm surface is the most crucial parameter of hydrodynamic conditions in 
1D-bioparticle model, based on a sensitivity study of the bioparticle model (Eldyasti et al., 2012). 
Biofilm growth and biodegradation equations are 
Biofilm growth:  ௗ௅೑ௗ௧ ൌ
௒ಹ௃ೞ
௑ಹ೑ െ ሺܾௗ௘௧ ൅ ܾ௛ሻܮ௙     (10) 
Biodegradation:  ݎ௦௜ ൌ ݍுܺு௙ ൈ ௌ೔௄௦ାௌ೔ ൈ
௑௜
௄௢ା௑೔    (11) 
௥ೞ೔
௥ೀ ൌ
ଵ
ଵିଵ.ସଶ௒ಹ      (12) 
Equations 10-12 present the aerobic biodegradation of a single substrate, where oxygen is 
the electron acceptor. Substrate utilization inside the biofilm generates gradients that drive 
diffusive mass transfer, and substrate biodegradation kinetics are represented by a multiplicative-
Monod expression (Bae and Rittmann, 2000) . Oxygen (Nitrate) utilization is linked to substrate 
utilization by stoichiometric yield. 
Hydrodynamic scale 
The impacts of biofilm thickness on the specific surface area are shown in Figure 6-2.  
The equations that show the change of bioparticle density (Rittman, 1982) are 
	ߩ௣ ൌ ሺௗ೛ௗ೘ሻ
ଷߩ௠ ൅ ሾ1 െ ቀௗ೛ௗ೘ቁሿ
ଷߩ௪,		   (13)  
where, 	ߩ௪ ൌ 2.059	ߩௗ ൅ 	ߩ௟, (Ro and Neethling, 1990) 
  	݀௣ ൌ ݀௠ ൅ 2ܮ௙ 
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 	ߩௗ ൌ 65     ܮ௙ ൏ 300ߤ݉, (Mulcahy and Shieh, 1987) 
 	ߩௗ ൌ 98.6 െ 0.106ܮ௙     300ߤ݉ ൏ ܮ௙ ൏ 630ߤ݉ 
 	ߩௗ ൌ 30     630ߤ݉ ൏ ܮ௙ 
The hydrodynamic relation between bed voidage and bed expansion is expressed below 
(Andalib et al., 2012) 
Bed voidage :  ߝ ൌ ሾ	ఘ೗	௨೗ሺ଴.଴ଷଷ஺௥బ.రఴళାଷ଺ଵ.ହ஺௥షబ.రఴళሻସ௚	ௗ೛ሺ	ఘ೛ି	ఘ೗ሻ ሿ
ସ.଻ହൈଵ଴షల஺௥బ.ళళయା଴.ଵ   (14) 
where, ߝ ൌ 1 െ ெ೘௏ఘ೘ ቀ
ௗ೛
ௗ೘ቁ
ଷ
, 	ܣ௥ ൌ ௚ௗ೛
యሺ	ఘ೛ି	ఘ೗ሻ	ఘ೗
௨೗మ      
 
Andalib et al.(2012) proposed a new Ar-based bed expansion equation, which correlate the 
fluidized bed expansion of the Richardson-Zaki equation to the bed voidage. The fluidized bed 
expansions,  can be calculated directly from the physical properties of the particles when the 
superficial liquid velocity is given. Therefore, the specific surface area and expanded bed height 
can be calculated as a function of biofilm thickness under the same hydrodynamic conditions. 
6.4 Conceptual CFBBR Model 
6.4.1 CFBBR Model 
The structure of the CFBBR model is demonstrated in Figure 6-4. The dynamic biofilm 
surface area increases the complexity of the CFBBR model. A 1D-bioparticle model was applied 
to establish the CFBBR model.  
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Dynamic total surface area 
As shown in Figure 6-3B, the total biofilm surface area of each column was variable due to 
the variable bed voidage in the riser (εR), the dynamic bed voidage, and the expanded bed height 
in the downer (εD, HD).  The total biofilm surface area of the riser and the downer are expressed 
as 
Total Biofilm Surface (TBS)   =  Volume × SSA  +  ∑ ∆Particles × Sp 
Riser:   TBSR =  HR × AR × SSAR - ∆VR-D × SSAR + ∆VD-R × SSAD 
Downer:   TBSD =  HD × AD × SSAD + ∆VR-D × SSAR - ∆VD-R × SSAD 
where SSAR and SSAD is the specific surface area of the riser and the downer respectively, 
 Sp is the surface area of transferred bioparticles, 
 HR and HD are the expanded bed heights of the riser and the downer respectively, 
 AR and AD are the cross-section areas of the riser and the downer respectively, 
 ∆VR-D and ∆VD-R are the volumes of transported bioparticles in the riser and in the 
downer respectively. 
Ideally, bioparticle circulation is designed to compensate for the variation in surface area 
between the riser and the downer by increasing the specific surface area in the riser and 
decreasing the total surface area in the downer. 
Anoxic riser 
The main reaction in the riser was denitrification, in which carbon in the influent serves as 
an electron donor and recirculated nitrate serves as an electron acceptor, and the riser always 
operated under a substrate-feast environment. The recirculating flow from the downer to the riser 
supplied electron donors, i.e. nitrate. Thus, the riser had limited access to electron acceptors; 
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complete denitrification was bound to be achieved. The initial substrate concentrations of 
substrate in the riser influent are present in equations 15 and 16. 
ܵ௥଴ ൌ ொൈௌబାொൈሺோೝିଵሻൈௌ್ொൈோೝ      (15) 
௥ܰ଴ ൌ ொൈேబାொൈሺோೝିଵሻൈே್ொൈோೝ      (16) 
where Sro and Nro are the initial concentrations of organic matter and nitrate in the riser 
respectively,Q is the influent flow rate, S0 and Sb are organic concentrations of the influent and 
the reticulating flow respectively, N0 and Nb are nitrate concentrations of the influent and the 
reticulating flow respectively, Q is the influent flow rate, and Rr is the operational ratio of riser 
flow rate to influent flow. Thus, the reticulating flow rate is Rr - 1. 
Bio-reactions in the riser are presented in equations 17 and 18 (Sen and Randall, 2008b), 
  ݎ௦௜ ൌ ݍு௥ܺு௙ ൈ ௌ೔௄ೄାௌ೔ ൈ
ே௜
௄ಿାே೔     (17) 
௥ೞ೔
௥ಿ೔ ൌ
ଶ.଼଺
ଵିଵ.ସଶ௒ಹೝ      (18) 
where rSi and rNi are the substrate removal rate and nitrate removal rate for each biofilm 
segment, qHr is the biomass-specific dentrification utilization rate rate, KS and KN are the half 
saturation constant of substrate and nitrate, XHf is the biofilm density of biofilm, and YHr is the 
maximum biomass yield of denitrifiers. 
Aerobic downer 
The downer of CFBBR operated under aerobic conditions to biodegradate the remaining 
organic matter to convert NH4+-N and organic nitrogen to NO3--N by nitrification, and, with long 
biomass retention times (over 30 days) and rich biofilm (thickness over 200 µm), sustain 
conditions conducive to the worm predation (Li et al., 2012). To simplify the bio-reaction in the 
downer, two types of microbial populations, namely aerobic heterotrophs and anoxic 
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heterotrophs were taken into consideration, and complete nitrification was assumed in the 
downer.  
The initial concentrations of substrate are presented in equations 19 and 20. 
ܵௗ଴ ൌ ொൈோೝൈௌ್ೝାொൈሺோ೏ିோೝሻൈௌ್ொൈோ೏      (19) 
ௗܰ଴ ൌ ொൈேబାொൈሺோ೏ିோೝሻൈே್ொൈோ೏      (20) 
where Sdo and Ndo are the initial concentrations of organic and nitrate in the downer 
respectively, 
 Rd is the operational ratio of downer flow rate to influent flow. 
Bio-reactions in the downer are presented in equations 21 to 24, 
  ݎ௦௜ே ൌ ݍு௥ܺு௙ ൈ ௌ೔௄௦ାௌ೔ ൈ
ே௜
௄ಿାே೔    (21) 
௥ೞ೔
௥ಿ೔ ൌ
ଶ.଼଺
ଵିଵ.ସଶ௒ಹೝ      (22) 
  ݎ௦௜ை ൌ ݍுܺு௙ ൈ ௌ೔௄௦ାௌ೔ ൈ
ை௜
௄ೀାை೔     (23) 
௥ೞ೔
௥ೀ೔ ൌ
ଶ.଼଺
ଵିଵ.ସଶ௒ಹೝ      (24) 
where rSiN and rSiO are the substrate removal rate with nitrate and oxygen as electron donor 
for each biofilm segment respectively, qH is the heterotrophs substrate utilization rate rate, KO is 
the half saturation constant of oxygen, and YH is the maximum biomass yield of the heterotrophs. 
6.5 Result and Discussion 
The 6L CFBBR was operated for 150 days, comprising four phases based on the biofilm 
development stages, namely Phase I start-up (day 1 to day 20), Phase II bioparticle development 
(day 21 to day 57), Phase III particle loss (day 58 to day 86), and Phase IV stable operation (day 
87 to day 150). Phase I was a biofilm build-up process, as the CFBBR was started with  4L of 
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wasted activated sludge (3 g VSS/L). In Phase II, the biofilm thickness grew significantly from 
the average diameter of 150 µm to 300 µm in the downer. Then, there was an unexpected loss of 
bioparticles due to rapid growth of the expanded bed out of the downer column, and around 200 
g of bare particles were washed out in Phase III. Phase IV was stable maintained with steady 
loading feed for over two and half months. 
6.5.1 Performance  
Temporal variation of COD removal and effluent suspended solids concentrations are 
shown in Figure 6-5A, while NH4+ and NO3- removal are illustrated in Figure 6-5B. The detailed 
influent and effluent data are presented in   
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Table 6-2. The values of pH and alkalinity were stable in all experiments, i.e. pH of 7-8, 
influent alkalinity of 370±54 mg CaCO3 /L and effluent 169±31 mg CaCO3/L. Effluent TCOD 
concentrations were 67±10 mg/L and 82±13 mg/L in Phase I and II respectively, which is lower 
than the overall average 92±20 mg/L, which agree with the trend of the average effluent VSS 
concentrations in Figure 6-3, but effluent soluble COD concentrations were very steady in all 
phases with average values of 37 mg/L, 41 mg/L, 38 mg/L and 38 mg/L respectively.  
Effluent ammonia concentrations after start-up immediately were relatively high at 9.3±2.2 
mg/L but declined to less than 3 mg/L after establishing the nitrifying biofilm from day 20 
onwards, which was facilitated by the increase of the operating temperature to around 20°C in 
Phase II. The SNR of the downer attached biomass increased from 0.22±0.12 g NH4+-N g VSS-1 
d-1 in Phase I to 0.57±0.03 g NH4+-N g VSS-1 d-1 in Phase II. Although the CFBBR has been 
demonstrated in pilot study to achieve ammonia concentrations 0.9±0.6 mg/L(Chowdhury et al., 
2010a), variation of influent loading led in this case to the oxygen limitation at peak loading, due 
to the daily pumping operation and the side-stream recycle from the dewatering system. 50% of 
the total nitrogen (TN) was organic nitrogen in the influent, and this ratio reduced to less than 5% 
in the effluent. Denitrification took place in both the riser and the downer, and nitrate removal 
distribution was estimated at 78% in the riser and 21% in the downer. The system achieved a 
steady 87% total nitrogen removal at a COD:N ratio of around 10:1 in Phase IV. Nitrite was 
never observed over 0.05 mg NO2--N/L.  
Phosphorus removal efficiency averaged 73% during the biofilm buildup stage, but 
decreased and stabilized to 29% in Phase IV due to the extremely low sludge production and the 
accumulation of phosphorus-rich biomass in the system. 
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6.5.2 Biomass Production 
During the long term experiment, excess biomass was washed out of the system with 
effluent. At the beginning, biomass accumulation was observed in both the Riser and the 
Downer. The biomass yield is comprised of two parts, i.e. accumulated attached biomass in the 
reactor and suspended biomass washout in the effluent, and the ratio of this two part was 3:7 in 
Phase I and II, but decreased to 1:9 in Phase IV, which revealed that the effluent VSS was the 
dominant part in the overall observed yield in Phase IV. The observed yield was calculated 
separately as the initial observed yield and the stable observed yield, i.e. Yinitial based on day 1 to 
day 57 and Ystable based on day 80 to day 150, neglecting the period of  bioparticle loss from day 
58 to day 80, as shown in Figure 6-6. The values of observed yield increased slightly from 0.081 
mg VSS/mg COD to less than 0.087 mg VSS/mg COD based on the accumulated consumed 
COD and accumulated generated VSS, which was much higher than the lab result of 0.033 mg 
VSS/mg COD with synthetic water as the feed (Li et al., 2012). The increase was due to the 
higher true yield of 0.65 mg VSS/mg COD measured by using lab respirometry, compared with 
0.315 mg VSS/mg COD for sodium acetate as substrate in the lab, and inner VSS, XI, of 28 mg 
COD/L in the influent. 
In Phase IV, an outside clarifier was established with 4h HRT and a rate (SLR) of 13 
m3/m2d (typical for secondary clarifier) to verify the settling ability of the VSS from the CFBBR, 
and a stable removal rate of 72% was achieved with a final effluent TSS concentration of 
18.3±3.3 mg TSS/L. The pictures of influent, CFBBR effluent, and clarifier effluent samples are 
shown in Figure S2. 
6.5.3 Model Implementation 
The CFBBR was modeled using the 1D-bioparticle model coded in Berkeley Madonna. As 
indicated in Figure 6-3B, the Riser was fluidized by the combined flow of influent and downer-
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to-riser recirculation flow, and the total biofilm surface area was expressed as a function of 
constant expanded bed height, i.e. constant reaction volume, and dynamic SSA of the riser. The 
Downer was fluidized by downer-to-downer reticulation flow, and both the expanded bed height 
and SSA were variable. Therefore, in order to maintain stable total surface area and effective 
volume of CFBBR, three key parameters were highlighted, i.e. SSA of the riser, expanded bed 
height and SSA of the downer, which were determined by both hydrodynamic conditions and 
biofilm kinetics.  
The relationship between hydrodynamic parameters and biofilm kinetics are shown in 
Figure 6-4, and Figure 6-7 presents the procedure to solve the 1D-bioparticle model. The Model 
equations were solved by using Rosenbrock (stiff) methods in Berkeley Madonna, which is a 
variable-stepsize integration methods. The detailed description of numerical technique used in 
the Berkeley Madonna is enclosed in Appendix D. The source codes are provided in Appendix B. 
Estimates of kinetic parameters can be obtained from commercial tools such as Aquifas 4.0 (Sen 
and Randall, 2008b), as shown in   
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Table 6-2. 
6.5.4 Model Calibration 
Several parameters (bdetR, bdetD, qH , qHr , bH, bHr, KS, KN, Lw) were adjusted during model 
calibration using the biofilm thickness (Lf) and effluent COD and nitrate concentrations (Ssb, Nsb) 
in phase II. The selected calibration protocol had three iterative steps(Eldyasti et al., 2012): i) the 
detachment rate was adjusted in order to match the biofilm thickness, ii) the substrate utilization 
rate, decay rate, and half-saturation coefficients were adjusted in order to match substrate 
concentration, iii) biofilm layered properties is adjusted to calibrate biofilm performance. Table 
6-3 demonstrates the calibration procedure. The calibration process was operated on a graphic 
interface of Berkeley Madonna by adjusting the sliders for each parameter, as shown in Figure 
A-1. 
6.6 Model Limitations 
Although the 1D-bioparticle model was proposed for the first time with the novel concepts 
integrating hydrodynamic coefficients with time and space-dependent specific surface area and 
variable bed expansion, several limitations should be pointed out because of the ideal 
assumptions, simplification of the model, experimental conditions, and capacity of the simulation 
software at the current level of this research: 
i) The model was designed for single-culture biofilm fed with one soluble carbon source; 
The model can only simulate the biodegradation of soluble COD, and ignored the 
contribution of nitrifiers to the biofilm growth. 
ii) The model assumed that completely homogeneous particles were used, and ignored the 
particle distribution. 
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iii) Detachment rates of biofilm were assumed to be constant, which did not consider the 
effect of bioparticles’ collision. 
iv) The model calibration and validation needs experimental data of in-situ biofilm 
thickness, which is hard to meansure experimentally without changing the fluidization 
and disruption of the biofilm. 
The input parameters listed in Table 6-2 were grouped into five catagories, namely 
dimentions of bioreactor, hydrodynamic conditions, particle properties, diffusion coefficients, 
and bio-kinetics coefficients. 
Dimensions of bioreactor and particle properties can be obtained from the configuration of 
the CFBBR and physical analysis of bare particles; Hydrodynamic conditions are the operational 
conditions of the system; For diffusion coefficients, Lw, liquid boundary layer thickness, can be 
calculated with Schmidt number and Renolds number, and diffusion coefficients can be obtained 
from commerical biofilm model software, e.g. Aquafas or BioWin; The initial setup of bio-
kinetics coeffiecients can be measured by the respiromentry test of attached biomass, for 
example YH, Ks, and bH, while qH and bdet can obtained from commerical biofilm model software. 
These bio-kinetics parameters would be adjusted to obtain better agreement between model 
output and experimental data during model calibration. 
6.7 Conclusions 
A CFBBR conceptual model incorperating both biological kinetics and hydrodynamic 
coefficients was developed using the 1D-bioparticle model. Data from a 6-L CFBBR that 
operated on-site for the treatment of degritted municipal wastewater showed that the reactor 
achieved over 90% of COD removal efficiency and 85% total nitrogen removal efficiency at 
organic and nitrogen loading rates of 4.1 kg COD m-3d-1 and 0.42 kg N m3d-1 respectively, with a 
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very low observed yield of 0.088 mg VSS mg COD-1. Berkeley Madonna 8.3 was adopted for 
model implementation. The experimental data were used to calibrate the CFBBR model.  
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Nomenclature 
a  specific surface area (L−1) 
Ar  Archimedes number 
A  cross-sectional area of the column (L2) 
bdet detachment rate (T-1) 
bH  decay rate (T-1) 
dm  the volumetric equivalent diameter of the bare media (L) 
dp  the volumetric equivalent diameter of the biofilmcoated particles (L) 
Df  diffusion coefficient in biofilm (L2T-1) 
Dw  diffusion coefficient in water (L2T-1) 
g  gravitational constant (L T−2) 
h  height of bed (L) 
Js  substrate flux (ML-2T-1) 
Lf biofilm thickness (L) 
Lm water layer thickness (L) 
Mm  total mass of bare particles (M) 
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Q flow rate (L3 T-1) 
Qr recalculating flow rate (L3 T-1) 
qH substrate ultilization rate (M T-1) 
rsi substrate reaction rate (M T-1) 
rOi oxygen  reaction rate (M T-1) 
Si substrate concentration at i layer (ML-3) 
S0 Initial substrate concentration (ML-3) 
Ssb bulk substrate concentration in reactor (ML-3) 
Sss substrate concentration of water diffusion segment (ML-3) 
ul superficial liquid velocity in a fluidized bed (L S−1) 
V effective volume of reactor (L3) 
XHf  dry mass of biofilm/media diameter (mg VSS g media-1) 
XDO saturation oxygen concentration (ML-3) 
X0 initial oxygen concentration (ML-3) 
Xi electron donor concentration at i layer (ML-3) 
XN Initial nitrate concentration (ML-3) 
YH biomass yield (ML-3) 
ε  bed voidage 
ρa  true dry density of bacteria (ML−3) 
ρm  true density of media (ML−3) 
ρd  biofilm dry density (ML−3) 
ρp  biofilm coated particle effective density (ML−3) 
ρl liquid density (ML−3) 
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ρw biofilm wet density (ML−3) 
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Figure 6-1 1D-Bioparticle Model Schematic 
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Figure 6-2 Numerical 1D-Bioparticle model 
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Figure 6-3 Conceptual diagrams of CFBBR with bioparticle circulation A) Schematic of CFBBR B) Dynamic biofilm surface area of CFBBR 
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Figure 6-4 CFBBR model structure based on 1D-bioparticle Model 
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Figure 6-5  CFBBR performance of COD and N removal 
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Figure 6-6 Biomass production of CFBBR 
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Figure 6-7 Solution procedure for the 1D-bioparticle model 
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Reactor scale, 
Solving for Ssb, XN 
Eq. 6-9 
mass balance in 
Biofilm scale, 
Solving for S1, S2 ...Sn 
Eq. 10-12 
bio-reaction in 
Biofilm scale, 
Solving for Js ,Lf 
Eq. 13, 14 
Hydrodynamic scale, 
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Variable surface area 
obtain a new SSA 
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iteration stops. 
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Table 6-1  Performance data and biomass characteristics 
Parameter (mg L-1, except pH) 
Feed* Effluent 
Phase I, Start-
up 
Phase II, Biofilm 
development 
Phase IV, Stable 
maintenance 
Overall
Temperature, °C 21±4 12.7±2.8 19.4±1.4 24.5±0.6 21±4
TCOD 587±129 67±10 82±13 96±13 92±20
SCOD 179±40 37±7 41±4 38.1±5.8 38±5
TN 60±10 16.3±3.1 8.1±1.6 5.5±1.4 7.8±3.9
NH4+-N 32.1±6.0 9.3±2.2 1.3±0.6 2.0±0.5 2.9±2.6
NO3—N 0.6±0.6 6.7±2.2 6.0±1.0 3.2±1.6 4.5±2.0
TP 9.8±3.2 2.8±0.9 3.8±1.0 5.5±1.0 5.1±2.0
PO43--P 3.0±0.7 1.5±0.5 1.4±0.5 1.4±0.5 1.4±0.5
TSS 188±61 48±7 60±10 66±10 71±30 
VSS 153±52 39±9 44±6 50±7 53±19 
SNR of attached biomass in the riser 
Unit:  
g NH4+-N g VSS-1 d-1 
- 0.09±0.02 0.12±0.02 - 
SNR of attached biomass in the downer - 0.57±0.03 0.78±0.08 - 
SNR of detached biomass in the downer - 0.10±0.02 0.07±0.01 - 
Biofilm thickness in the riser top μm 500 500 550 - 
Biofilm thickness in the downer bottom μm 150 300 250 - 
* Average ± standard deviation 
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Table 6-2  Initial parameter for 1D-bioparticle model 
Parameter Name 
Symbol and 
unit 
value Reference 
Riser Downer
Bioreactor 
Feed flow rate Q,  L/d 40
this study 
Liquid Circulating ratio R, 7 50
COD concentration of influent S0, mg COD/L 600
TN concentration of influent N0, mg NO3--N/L 60
column volume V, cm3 1000 4800
Weight of bare particle in riser Mm, g 50 650 (450)
Hydrodynamic conditions 
Specific surface area A, cm-1 30 50
Upflow liquid velocity u, cm/s 0.66 0.63
Initial bed voidage ε,  - 0.6 0.6
Physical parameter of 
bioparticles 
Diameter of bare particles dm, mm 0.67 0.67
Biomass density of biofilm XHf, kg/m3 40 
(Mulcahy and Shieh, 
1987; Ro and 
Neethling, 1991) 
Water density XW, kg/m3 1000 -
True density of bare particles Xm, kg/m3 1750 this study
Gravity coefficient g， cm/s2 9.8 - 
Diffusion 
Thickness of external file Lw,  mm 0.1 (Sen and Randall, 
2008a) Diffusion coef. of S in water Dw, cm/hr 0.08
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Diffusion coef. of N in water Dx, cm/hr 0.1
Coefficient of converting Dw to Dw* Nelda, - 0.8
Bio-kinetics 
Maximum sludge yield 
YH, mg VSS/mg 
COD 
0.48 0.67 
(Li et al., 2012; 
McCarty, 2007) 
Max. substrate utilization rate 
qH, mg COD/mg 
VSS hr-1 
0.30 0.45 
(Eberl, 2006; Sen and 
Randall, 2008a) 
Half-saturation concentration for S KS, mg COD/L 48 48 
(Sen and Randall, 
2008a) 
Half-saturation concentration for N KN, mg N/L 1 1 
(Sen and Randall, 
2008a) 
Half-saturation concentration for O KO, mg O/L - 1 
(Sen and Randall, 
2008a; Tang et al., 
2012) 
Biomass decay rate bH, h-1 0.002 0.003 Chapter 
Biomass detachment rate bdet, h-1 0.001 0.002 
(Sen and Randall, 
2008a) 
Others N segement N, - 10 this study
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Table 6-3  Calibration of detachment rate, kinetics, and biofilm properties parameters 
Trial Iteration 
Parameter 
Lf, µm Ssb, mg/L Nsb, mg/L
Chapter 5  Riser Downer Effluent Effluent 
Experimental data 550 250 38 3.2
 bdetR bdetD qHr qH KS KN Lw Chapter 6  
1 0.0008 0.0071 - - - - - 550 250 46 5.6
2 0.0008 0.0071 0.355 0.440 - - - 550 250 44 5.0
3 0.0008 0.0071 0.355 0.440 0.054 0.005 0.6 550 250 31.4 3.5
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6.8 Supplementary Data 
List of contents of the supporting information: 
Figure S1 lab-scale 6L CFBBR for municipal wastewater experiment （A）picture 
of CFBBR in transportation (B) picture of CFBBR in real-time operation  
Figure S2 lab-scale 6L CFBBR for municipal wastewater experiment 
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Figure S2 lab-scale 6L CFBBR for municipal wastewater experiment 
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Chapter  7  
  Experimental Study of the Impact of Bioparticle 
Recirculation Rate on the Performance of the Circulating 
Fluidized Bed Biofilm Reactor * 
 
7.1 Introduction 
Biofilm processes generally require multiple groups of microorganisms working 
together to transform carbon and nitrogen pollutant from sewage to end products, such as 
CO2, H2O, and biomass(Federation, 2010). Biofilm technologies are already widely 
practiced all over the world for biological nutrient removal (BNR), and many different 
types of biofilm reactors, such as trickling filters, rotating biological contactors, bio-
filters, and moving-bed bioreactor (Tchobanoglous et al., 2003), provide considerable 
reductions of energy cost and footprint (Rittmann, 2010), comparing with the suspended 
growth system. However, through the conventional practice of biofilm reactors usually 
combined with suspended growth biomass, there are potential drawbacks for biofilm 
reactors, such as inadequate mixing, short-circuiting, and media clogging or plugging, 
which are mainly caused by ineffective control of biofilm thickness(Burns, 2010; 
Eckenfelder and Grau, 1998b; Farmer et al., 1995; Hong et al., 2010).  
                                                 
 
*A version of this chapter was under preparation for potential submission to a refereed journal 
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Considerable research has been conducted over the past two decades to maximize 
the efficiency of biofilm reactors and to optimize their performance, with a focus on 
bioparticle processes, i.e. granular sludge systems (Dempsey et al., 2005; Nicolella et al., 
2000e) and particle-supported biofilm systems (Andalib et al., 2010; Heijnen et al., 2011), 
due to the large effective specific surface area. Moreover, the aforementioned drawbacks 
would be overcome by applying bioparticle processes, due to their inherent advantages of 
mixing and hydrodynamic characteristics(Gang et al., 2004; Zhu et al., 2000). There are 
numerous studies on the application of aerobic bioparticle processes, such as fluidized 
beds (Abdul-Aziz and Asolekar, 2000), air lift reactors (Heijnen et al., 2011), and 
granular sludge sequencing batch reactors (Yilmaz et al., 2008b) for BNR. Many 
researchers have tried to apply hydraulic shear stress or mechanical shear stress to 
balance the increasing bioparticle size caused by the rapid growth rate of heterotrophs 
(Heijnen et al., 2011).  
The circulating fluidized bed biofilm reactor (CFBBR), a relatively new particle-
supported biofilm system, has been extensively tested at bench- and pilot-scale for 
biological BNR (Andalib et al., 2010; Chowdhury et al., 2010b; Cui et al., 2004b). More 
recently, bioparticle circulation, a novel method of biofilm thickness control, shown in 
Figure 7-1, has been demonstrated in the CFBBR (Li et al., 2012). Bioparticle circulation, 
supported by the upflow velocity of the liquid, together with aeration, begins at the feast 
(due to substrate abundance) environment in the anoxic reactor (Riser), which is operated 
in the circulating (fast) fluidization regime. Subsequently the rich bioparticles wash out 
from the Riser to the famine (due to high substrate consumption in the riser) environment 
in the aerobic reactor (Downer), which is operated in the traditional gas-liquid-solid three 
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phase fluidization regime. Due to the introduction of the raw wastewater to the anoxic 
riser and the ensuing denitrification, relatively lower COD conversion rates and much 
higher nitrification rates predominate in the aerobic downer. The high shear forces in the 
aerobic downer combined with predation reduce the biofilm thickness of the riser 
bioparticles and eventually, particles are recirculated from the bottom of the Downer to 
the Riser and the cycle is repeated. The conceptual diagrams of CFBBR and bioparticle 
circulation are shown in Figure 7-2. 
 In our previous study, a stable specific surface area (SSA) of both columns and 
expanded bed height can be maintained at pseudo-steady-state in the CFBBR. Aquatic 
worms were observed on the bioparticles in the CFBBR with bioparticle enrichment-
predation (BEP) circulation (Li et al., 2013). To further investigate the influence of 
bioparticle recirculation rate, long-term experiments in a 8.5-L CFBBR with three 
different bioparticle recirculation rates were undertaken with synthetic acetate-based 
wastewater for carbon and nitrogen removal.  
7.2 Materials and methods 
7.2.1 Reactor Setup 
As shown in Figure S1 (Supplementary data), one plexiglass lab scale CFBBR was 
established in the laboratory. The reactor consisted mainly of an anoxic column (2 L) and 
an aerobic column (6.5 L). A liquid-solid separator was installed on the top of the aerobic 
column to avoid bioparticle wash out of the system. Sieved natural zeolite particles with 
an average diameter of 1000 μm (800–1200 μm) were used as bare particles for biofilm 
attachment, and the reactor was initially charged with 1200 g of natural zeolite particles, 
200 g in the Riser and 1000 g in the Downer. The bulk (based on porosity of the packed 
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media) density of particles was approximately 0.88 kg m-3 with a true density (the ratio of 
sample mass to its true volume) of 1.73 kg m-3 and surface area of bare particle 15.5 m2 g-
1 determined with BET instrument (Micromeritics ASAP 2010; Micromeritics, USA). 
Bioparticles circulated between the anoxic column and the aerobic column, which 
were named as the Riser and the Downer respectively based on the direction of 
bioparticle movement. The Riser had three sections with different diameters. The smallest 
was at the top; it allowed the upflow velocity to increase in the top part, enhancing 
particle transfer to the Downer. The bottom section was designed smaller than the middle 
section to ensure a higher up flow velocity that maintained fluidization of the recirculated 
thin biofilm particles from the bottom of the Downer. There was a freeboard section on 
the Downer top, which was designed for outside aeration and bioparticle separation. The 
detailed dimensions of the CFBBR are shown in Table S1.  
The biofilm establishment process was similar to that reported by Cui et al (Cui et al., 
2004b). Return activated sludge from the Adelaide Pollution Control Plant  in London, 
Canada was used as an inoculum. No worms were observed in the seed sludge. Biofilm 
was formed in both the Riser and the Downer within one week, with coated biomass 
varying from 6 to 12 mg VSS g-1 particle. 
7.2.2 Operational Conditions 
In this study, the CFBBR was operated at room temperature (20±2°C) and synthetic 
acetate-based wastewater was used as the substrate, characterized by a COD to nitrogen 
ratio of 10:1 typical of municipal wastewater. The synthetic feed was prepared using a 
concentrated stock solution (NaCH3COO, 125 g L-1; NH4Cl, 27.5 g L-1; KH2PO4, 6.5 g L-
1), and a mineral salt stock solution (NiCl·6H2O, 75 mg L-1; CoCl2·6 H2O, 75 mg L-1; 
CuCl2 ·2H2O, 200 mg L-1; ZnCl2, 125 mg L-1; MnCl2·4H2O, 1250 mg L-1; FeCl3·6H2O, 
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750 mg L-1; (NH4)6Mo7O24·4H2O, 200 mg L-1; H3BO3, 125 mg L-1; MgSO4 ·7H2O, 14 
g L-1; CaCl2·H2O, 6 g L-1). Subsequently the stock solution, mineral salt stock solution, 
and tap water were mixed at a volumetric ratio of 5:1:1000 in the feed tank (Cui et al., 
2004b). 
Both the anoxic and the aerobic beds were fluidized by the recirculation of liquid 
flow from the liquid-solid separator top. The upflow velocities of the Downer and Riser 
are shown in Table S1. When bioparticles in the Riser entered the narrow top section, 
upflow velocity increased almost three times from 0.59 cm s-1 to 1.63 cm s-1. As a result, 
the bioparticles moved into the Downer. Bare particles in the Downer were returned back 
to the Riser daily by opening the Downer-Riser connection valve.  
To avoid strong biofilm sloughing caused by the air bubbles in the Downer, both 
internal and external aeration were employed. The air flow-rate of the internal coarse 
bubble aeration (Figure S1 #12) was 50 NL min-1 to maintain similar turbulence as in a 
fine bubble large-scale aeration system. External aeration in the liquid-solid separator 
(Figure S1 #11) was responsible for supplying enough oxygen to the bioparticles in the 
Downer. The concentration of dissolved oxygen in the Downer effluent was around 1-3 
mg L-1. Since there was no sludge wastage in the whole system, the majority of biomass 
adhered to the bioparticle and some detached biomass was lost in the reactor effluent 
because of relative high upflow velocity (0.1 cm s-1 in the liquid-solid separator) for 
suspended biomass.  
7.2.3 Bioparticle Recirculation Rate 
The bioparticle circulation rate was defined as the weight of bare particles 
circulated from the Downer bottom to the Riser bottom, and was determined by 
measuring the weight of cleaned bare particles that were trapped between the two valves 
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on the connection tube from the Downer to the Riser after drying at 550 °C for 1 hour. 
The mass of bare particles in the Riser and the Downer varied from 150-250 g and 950-
1050 g respectively in this study. Continuous experiments of  three bioparticle 
recirculation rates were undertaken over the course of 380 days. In the first 200 days, 
bioparticle recirculation rate, vs, was 100 g bare particle per day, i.e. 50 g of bare particles 
in the Downer were manually were returned back to the Riser daily by opening the 
Downer-Riser connection valve every 12 hours (twice a day). From day 201 to day 260, 
the system operated at vs of 50 g bare particle/day, but the Riser failed to maintain stable 
bed voidage because the riser kept losing bioparticles and the amount of bare particles in 
the Riser was less than 50 g. The system was then operated for 30 days to recover, and a 
higher bioparticle recirculation rate of 200 g bare particle per day was tested from day 
291 to day 380. So the whole experimental period was divided into four stages based on 
vs, namely, Stage I of 100 g/d vs, Stage II of 50 g/d, Stage III of 200 g/d, and a recovery 
stage between Stage II and Stage III.  
7.2.4 Analytical Methods 
Samples were collected twice a week to monitor the CFBBR performance. Samples 
of the influent, riser top (anoxic column) effluent, and the effluent were taken in airtight 
bottles and refrigerated at 4 °C prior to analysis. Total suspended solids (TSS) and 
volatile suspended solids (VSS) were analyzed according to the Standard Methods 
(APHA, 1981). DO was measured using Thermo Orion meter. HACH methods and 
testing kits (HACH Odyssey DR/2500) were used to measure total chemical oxygen 
demand (TCOD), soluble chemical oxygen demand (SCOD), NH4+-N, NO2--N, NO3--N, 
PO43--P and total phosphorus (TP)(APHA-AWWA-WPCF, 1981).  
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Bioparticle samples were taken every week. Sampling valves were flushed before 
taking the bioparticle sample each time. Fifteen ml bioparticle samples were stored in 15 
ml airtight bottles prior to analysis. Each bioparticle sample was measured immediately. 
The biofilm thickness was measured using a microscope (SteREO Discovery V8) coupled 
with photographic analysis, as shown in Figure S2. Bioparticle samples were sonicated 
for 3 hours at 30 °C to detach the biofilm by an Aquasonic sonicator (Model 75HT, ETL 
Laboratory Testing, Inc., New York). After sonication, the VSS content of the detached 
biomass was measured using the Standard Methods (APHA, 1981) and the attached 
biomass per bare particle was recorded. Meanwhile, the number of red worms in the 
detached biomass following filtration through a 0.45 µm filter paper, and enumeration of 
worms retained on the filter paper, and the worm density (unit per gram biomass) were 
calculated. The specific nitrification rates (SNR) and specific denitrification rates (SDNR) 
of detached biomass and attached biomass were measured separately in batch tests (Patel 
et al., 2005). 500 mL samples of the Riser and the Downer effluents were used for SNR 
determination for detached biomass respectively. The detached VSS mixture from the 
bioparticles was diluted to a VSS concentration of 50 mg L-1 for SNR determination for 
attached biomass, to ensure that both batches with the attached biomass and the detached 
biomass had the same VSS contributions. 
7.3 Results and Discussion 
7.3.1 Impact of Bioparticle Recirculation Rate 
COD and N removal performance 
Figure 7-3 illustrates the temporal variations of SCOD removal, NH4+-N 
conversion, and NO3--N removal over the whole periods of continuous feed operation in 
Chapter 7. Bioparticle Recirculation Rate                                                                      215 
 
all stages. Effluent pH and alkalinity were stable throughout the whole experiment, and 
nitrite, though ranging mostly from 0.001 to 0.03 mg L-1, was never observed over 0.05 
mg NO2--N L-1 in the anoxic Riser and the effluent. The measured concentrations of 
dissolved oxygen in the Downer were all above 2.0 mg L-1, except during the worm 
booming phase in Stage I discussed in our previous study (Li et al., 2013), when it fell to 
around 1.5 mg/L. The detailed data recorded for the influent, the anoxic Riser and the 
effluent are shown in Table 1. Effluent SCOD concentrations were always below 30 mg 
L-1 at an organic loading rate (OLR) of 4.7 kg COD m-3 d-1. Most effluent NH4+-N 
concentrations were observed at a very stable low level, i.e. 0.6±0.5 mg L-1, 1.0±0.3 mg 
L-1, 0.6±0.3 mg L-1 mg L-1 from Stages I to III, translating to an overall NH4+-N 
conversion rate of 98%, in accordance with the complete nitrification in the downer 
reported in our previous studies (Chowdhury et al., 2008; Li et al., 2012). Very low 
nitrates in the anoxic effluent in Stages I and III (vs≥100g bare particle d-1) and an 
average nitrate concentration of less than 1 mg NO3--N L-1, indicates the achievement of 
complete denitrification in the riser. The overall average total nitrogen removal of the 
CFBBR in all stages was 88%. The whole CFBBR system was a completely-mixed 
system with fluidization. The suspended VSS concentration throughout the reactor was 
maintained at a low level,  as the effluent VSS indicated, i.e. average of 51 mg VSS L-1, 
48 mg VSS L-1, 35 mg VSS L-1 in Stages I to III respectively. Considering the general 
food-to-microorganism ratio for suspended biomass in the range of 0.05 to 0.25 g COD g 
VSS-1 d-1, the maximum equivalent volumetric COD removal rate by suspended biomass 
was only 0.034 kg COD m-3 d-1 (VSSave × F/Mmax × Vtotal / (Vr + Vd）), which was less 
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than 1% of the overall volumetric COD removal rate (3.7 kg COD m-3 d-1). Thus, the 
CFBBR is very close to a “pure biofilm” system. 
Mass balance and sludge production 
Stage II was running under unsteady-state due to insufficient bioparticle 
recirculation rate. Basically, the bioparticle recirculation rate of 50 g bare particle d-1 in 
Stage II could hardly maintain the design particle mass of 200 g bare particle in the riser. 
Stage I reached pseudo-steady-state after day 120, as discussed by Li et al. (2013), and 
Stage III reached pseudo-steady-state after day 350 in terms of stable performance, 
biomass density, worm density, and expanded bed height. 
At pseudo-steady-state, since there was no excess biomass wasted from system, the 
observed yield was calculated from the cumulative biomass leaving with the effluent 
versus the cumulative COD removed across the system. Moreover, sludge yields of 0.082 
of Stage I, and 0.089 mg VSS mg COD-1 were achieved in Stage I and Stage III 
respectively, as shown in Figure 7-4. The overall SRTs were 16.3 d in Stage I and 18.2 d 
in Stage II, which were calculated as follows: For Stage I, 
SRToverall is calculated based on the overall biomass in the CFBBR and effluent 
VSS,  
SRT୭୴ୣ୰ୟ୪୪ ൌ M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ	 ൅ 	M୅୬୭୶୧ୡXୟ୬୭୶୧ୡ		Qୣ୤ϐ୪୳ୣ୬୲VSSୣ୤୤	
ൌ 	M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ	 ൅ 	M୅୬୭୶୧ୡXୟ୬୭୶୧ୡ	
100 Ld 	00x
g
L 	00xic
ൌ 16.3	day 
 where M is the weight of particles (g), Xanoxic and Xaerobic are the attached VSS (mg) 
per each gram media in the anoxic and aerobic column respectively, Xwastage is the amount 
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of VSS (mg) wasted per day, VSSeffluent is the concentration of biomass in the effluent 
(mg/L), and Qeffluent stands for the effluent flow rate (L/d). 
It is interesting to note that the higher bioparticle recirculation rate increased both 
the overall SRT of CFBBR and the observed yield, which was also reflected by the 
increased biofilm thickness. The observed yield of the system was caused by the 
relatively higher shear stress for the thicker biofilm, where the specific detachment rate is 
given by a second-order function of biofilm thickness:(Eberl, 2006; Garant and Lynd, 
1998; Tang et al., 2012; Wanner and Gujer, 1986) 
bdet = kdLf2 
where bdet is detachment rate, kd is detachment coefficient, and Lf is biofilm 
thickness. 
For a steady-state biofilm, the biomass detached from the biofilm surface equals the 
net biomass production of the whole reactor. Therefore, increasing the bioparticle 
recirculation rate would push the CFBBR to a new steady-state with longer SRT and a 
relatively higher detachment rate. 
Denitrification 
Denitrification was the main reaction in the anoxic riser, although limited oxygen 
entered into the anoxic riser with the recirculation flow from the Downer to the Riser. 
The Riser operates under substrate-abundant conditions with nitrate and oxygen as 
electron acceptors. In Stage I, 40.5 % of the total COD was removed in the riser, 34.5 % 
was removed in Stage II, and 43.6 % was removed in Stage III. Interestingly, 68.9 % of 
the NO3--N was removed in the aerobic Downer in Stage I, 67.4% was removed in Stage 
II, and 72.9 % was removed in Stage III, which indicates simultaneous nitrification and 
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denitrification (SND) in the biofilm occuring when the average thickness was over 300 
μm. The specific denitrification rates (SDNR) of attached biomass in the Downer were 
0.21 g NO3--N g VSS-1 d-1, 0.25 and 0.24 g NO3--N g VSS-1 d-1 in stages I, II and III 
respectively, as shown in Table 7-1. These results were very close to the corresponding 
rates of 0.26, 0.26, and 0.25 g NO3--N g VSS-1 d-1 respectively in the riser, and they were 
almost four times higher than the reported 0.046 g NO3--N g VSS-1 d-1 (Patel et al., 2005) 
with thin aerobic biofilm (around 30 μm). Hibiya et al. (Hibiya et al., 2004) demonstrated 
that the oxygen penetration depth in biofilms is typically below 200 μm, and Hibiya also 
concluded that biofilms that are 300-400 μm thick may be appropriate for SND and 
carbon oxidation, which agrees with our results. 
There was a sharp increase in nitrate concentration in the anoxic riser during Stage 
II (vs of 50 g bare particle d-1), which was due to insufficient biofilm surface area in the 
riser during Stage II caused by the limited bioparticle recirculation rate in Stage II. It 
should also be pointed out that the variation in effluent nitrate concentration in Stage III 
was much smaller than the variation in Stage I, although the total nitrogen removal rates 
were almost the same, namely 88.8% in Stage I and 90.0% in Stage III. The 
denitrification in the riser was quite stable in Stage I and Stage III, as reflected by anoxic 
effluent nitrate concentrations of 0.5±0.5 mg L-1 and 0.3±0.3 mg L-1 respectively. The 
variation of effluent nitrate concentration, i.e. 3.9±1.5 mg L-1 in Stage I and 3.4±0.5 mg 
L-1 in Stage III, decreased from 38.5% in Stage I to 14.7% in Stage III, with the 
coefficient of variation (standard deviation divided by mean, in accordance with the 
increase in average biofilm thickness from 350 μm in Stage I to 400 μm in Stage III in the 
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downer, indicating that the higher bioparticle recirculation rate indeed stabilized the 
denitrification in the Downer.  
COD removal and Nitrification 
There was no significant impact of bioparticle recircluation rate on COD oxidation 
or nitrification, which were the main reactions in the aerobic downer, as reflected by 
stable effluent COD and NH4+-N concentration. The calculated volumetric COD removal 
rate in the downer was 3.7 kg COD m-3 d-1 on average, much lower than the rate in the 
Riser: 7.3 kg COD m-3 d-1. The volumetric NH4+-N conversion rate was 0.52 kg NH4+-N 
m-3 d-1. The occurrence of the aquatic Oligochaete worms in the Downer implies strong 
predation inside the biofilm in all Stages(Tamis et al., 2011b). There was a decrease in 
worm density from 513 units per g biomass in Stage I to 302 units per g biomass in Stage 
III at pseudo-steady-state, corroborating the increased anoxic deactivation in the riser 
with higher bioparticle recirculation rate in Stage III.  
The decrease of worm density from Stage I to Stage III agrees with the novel 
Bioparticle Enrichment-Predation circulation that was proposed by Li et al. (2012), i.e. 
enrichment (in Riser Bottom section), transportation (in Riser Top section), predator-
cultivation (in Downer Top), and deactivation (in Downer Bottom). The CFBBR was 
operated as two different columns, the Riser and the Downer, where feast-famine and 
anoxic-aerobic conditions were maintained. The bioparticles in the Riser grew faster than 
the bioparticles in the Downer because of higher volumetric COD utilization rate and 
lower shear stress in the Riser. Subsequently, bioparticles were enriched in the Riser, 
before being transported from the Riser to the Downer top, where predation was 
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established, by the fast fluidization in the top section of the Riser. The details of BEP 
circulation are shown in Figure S3 and Text S1. 
Interestingly, despite maintaining excellent nitrification with over 98% ammonia 
removal, the SNRs of attached biomass in both the riser and the downer in Stage III 
decreased by about 20% compared to Stage I because of increasing bioparticle 
recirculation into the anoxic riser. The SRT of nitrifiers were calculated based on the 
activity of suspended biomass and attached biomass, i.e. specific nitrification rates as 
shown below, SRTs of nitrifier of the riser, the downer, and overall CFBBR were 18.6 d, 
172 d, and 80 d during steady state, and 9.8 d in Stage I, 104 d, 96.6 d during steady state 
in Stage III, which is much higher than the SRTs of overall biomass, as shown in Table 3. 
As many researchers have reported, heterotrophs always dominate the outside of biofilms 
because of their faster growth rate (Bishop et al., 1995; Rittmann and Manem, 1992), and 
thus nitrifiers are shielded from hydraulic shear stress. 
The calculations of nitrifiers` SRT are expressed as: 
SRT୭୴ୣ୰ୟ୪୪୒୧୲୰୧ϐ୧ୣ୰ ൌ
SNRୢ୭୵୬ୣ୰ୟ୲୲ M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ	 ൅ 	SNR୰୧ୱୣ୰ୟ୲୲ M୅୬୭୶୧ୡXୟ୬୭୶୧ୡ		
Qୣ୤ϐ୪୳ୣ୬୲VSSୣ୤୤	SNRୢ୭୵୬ୣ୰ୢୣ୲
 
SRTୢ ୭୵୬ୣ୰୒୧୲୰୧ϐ୧ୣ୰ ൌ
SNRୢ୭୵୬ୣ୰ୟ୲୲ M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ		
ሺMassୢ୭୵୬ୣ୰୭୳୲ െ Massୢ୭୵୬ୣ୰୧୬ ሻSNRୢ୭୵୬ୣ୰ୢୣ୲
 
SRT୰୧ୱୣ୰୒୧୲୰୧ϐ୧ୣ୰ ൌ SNR୰୧ୱୣ୰
ୟ୲୲ Mୟ୬୭୶୧ୡXୟ୬୭୶୧ୡ		
ሺMass୰୧ୱୣ୰୭୳୲ െ Mass୰୧ୱୣ୰୧୬ ሻSNR୰୧ୱୣ୰ୢୣ୲
 
where the SNRୢ୭୵୬ୣ୰ୟ୲୲  and	SNR୰୧ୱୣ୰ୟ୲୲  are SNR of attached biomass in the downer and 
riser respectively, and SNRୢ୭୵୬ୣ୰ୢୣ୲  and 	SNR୰୧ୱୣ୰ୢୣ୲  are SNR of detached biomass in the 
downer and riser respectively, and other parameters are as expressed in Table 2 and Table 
3. 
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7.3.2 Sludge Yield Model with Bioparticle Circulation 
A simple biomass yield model was proposed and verified for the CFBBR, taking 
into consideration the two types of microbial populations, namely aerobic heterotrophs in 
the Downer and anoxic heterotrophs in the Riser (Li et al., 2012) without bioparticle 
recirculation. 
    (1) 
Where,  
ε,  ratio of COD removed anoxically in the Riser, 
Yrmax, true yield of anoxic heterotrophs in the Riser, 
θrc,  Specific SRT of anoxic heterotrophs in the Riser, 
br,  microbial decay of anoxic heterotrophs, 
Ydmax, true yield of aerobic heterotrophs in the Downer, 
θdd,  Speicific SRT of aerobic heterotrophs in the Downer, 
bd,  microbial decay of aerobic heterotrophs, 
 
However, with a high bioparticle circulation rate, the transferred bioparticles from 
the riser to the downer, which mainly grew in the riser, resided in the downer with a 
much longer SRT. Hence the downer was working as a complicated reservoir not only to 
develop and decay the aerobic bioparticles, but also to decay the transferred anoxic 
bioparticles, as shown in Figure 7-5. Thus, equation 1 needs to be modified as: 
ଵ
௒೚್ ൌ ߝ ቀ
ଵ
௒೘ೌೣೝ ൅ η
ఏ೎ೝ௕ೝ
௒೘ೌೣೝ ൅ ሺ1 െ ሺ1
ఏ೏ೝ௕೏
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ଵ
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ఏ೏ೝ௕೏
௒೘ೌೣ೏ ሻ    (2) 
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Where,  
ε,  ratio of COD removed anoxically in the Riser, 
η,  ratio of suspended biomass generated in the riser to transferred attached 
biomass generated in the riser, 
Yrmax, true yield of anoxic heterotrophs in the Riser, 
θrc,  Specific SRT of anoxic heterotrophs in the Riser, 
br,  microbial decay of anoxic heterotrophs, 
Ydmax, true yield of aerobic heterotrophs in the Downer, 
θdd,  Speicific SRT of aerobic heterotrophs in the Downer, 
bd,  microbial decay of aerobic heterotrophs, 
The mass balance and carbon balance of the CFBBR in Stage III are described in 
Table 2. The calculated sludge retention time (SRT) and the equivalent decay rate of the 
downer were calculated based on equation 2. Typical decay rates of aerobic heterotrophs 
and anoxic heterotrophs in traditional activated sludge systems range from 0.06 d-1  to 
0.15 d-1, with 0.1 d-1 at 20 °C (Tchobanoglous et al., 2003). The distribution of riser-
generated biomass, presented by η  in equation 2, can be calculated by: 
In Stage I, ߟ ൌ ଡ଼ీీൈସ୕ିଡ଼౎ీൈଷ୕୑ୟୱୱ౥౫౪౎౟౩౛౨ି୑ୟୱୱ౟౤౎౟౩౛౨ ൌ 	
ቀଶ଼.ହౣౝై ൈ୥.ହ
ై
ౚିଷସ
ౣౝ
ై ൈ୥.ହ
ై
ౚቁൊ୥.ହ୰ୟ୥ୣ	
ଵ଺.଴ିଵସ.ଵ	୥	୚ୗୗ/ୢ ൌ0.63; 
In Stage III, ߟ ൌ ଡ଼ీీൈସ୕ିଡ଼౎ీൈଷ୕୑ୟୱୱ౥౫౪౎౟౩౛౨ି୑ୟୱୱ౟౤౎౟౩౛౨ ൌ 	
ቀଶ଼ౣౝై ൈ୥ୱୣ
ై
ౚିଷହ
ౣౝ
ై ൈ୥ୱୣ
ై
ౚቁൊ୥ୱୣ୰ୟ୥ୣ	
ଶଶ.ଽିଵ଼.ଷ	୥	୚ୗୗ/ୢ ൌ0.15. 
A low biomass yield of 0.082 mg VSS/mg COD was achieved concomitant with a 
16.3 days SRT in Stage I, and 0.089 mg VSS/mg COD with a 18.2 days SRT in Stage III. 
The relatively higher decay rate bd of 0.11 d-1 in Stage I and bd of 0.14 d-1 in Stage III, 
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compared to the 0.1 d-1 for traditional activated sludge systems, is due to the effect of 
worm predation. 
The decay rates of the Downer biomass, bd, were coupled to the process of 
lysis/death and worm predation, which lead to a significant sludge reduction for this rich 
bioparticle system. br and bd also differ markedly, due to the environmentally disparate 
conditions of organic substrate-limitation in the Downer encouraging the lysis/cryptic 
growth(Mason and Hamer, 1987), and predator versus anoxic substrate-rich conditions in 
the Riser.  
7.4 Conclusions 
The lab-scale 8.5-L CFBBR was operated at three different bioparticle circluating 
rates of 50 g bare particle d-1, 100 g bare particle d-1, and 200 g bare particle d-1 for 
carbon and nitrogen removal. The principal findings of this study are: 
i) Approximately 95% COD removal and 85% total nitrogen removal were 
achieved at loading rates of 4.62 kg COD m-3 d-1 and 0.77 kg NH4+-N m-3 d-1 in the 
CFBBR in all stages. 
ii) Due to an increase in aerobic biofilm thickness from on average 350 μm in Stage 
I to 400 μm in Stage III, higher bioparticle recirculation rates resolved in more stable 
denitrification in the Downer. 
iii) A bioparticle recirculation rate of 50 g bare particle d-1 could not maintain 
sufficient biofilm surface area in the Riser, leading to incomplete denitrification and 
unstable performance in Stage II, while the pseudo-steady-state of CFBBR was achieved 
at bioparticle recirculation rates of 100 and 200 g bare particle d-1. 
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iv) A modified yield model for CFBBR with bioparticle circulation was proposed, 
and the model indicated that a relatively higher decay coefficient 0.14 d-1 was observed in 
Stage III at a particle recirculation rate of 200 g d-1, compared to 0.11 d-1 in Stage I, much 
higher than the typical 0.1 d-1 for conventional activated sludge. 
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Figure 7-1 Conceptual diagrams of Circulating Fluidized Bed Biofilm Reactor(CFBBR) and Bioparticle Enrichment 
Predation(BEP) circulation a) Schematic of CFBBR b) Real-time pictures of bioparticles in the Riser and the Downer c) Bioparticle 
samples with red worms d) Aquatic worms under microscope (×200) e) Schematic of BEP circulation. 
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Figure 7-2 Biofilm thickness control methods for particulate biofilm reactor 
Bioparticle enrichment in Bioparticle development in aerobic owner 
Riser 
Downer 
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Figure 7-3  COD, NH4+-N and NO3--N removal and VSS in CFBBR 
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Figure 7-4  Sludge yield of Stage I and Stage III 
 
y = 0.1629x
R² = 0.9884
y = 0.082x + 377.07
R² = 0.9941
0
200
400
600
800
1000
1200
0 1000 2000 3000 4000 5000 6000 7000 8000
Bi
om
as
s p
ro
du
ce
d g
COD removed g
y = 0.0891x
R² = 0.9967
0
50
100
150
200
250
300
0 500 1000 1500 2000 2500 3000 3500
VS
S p
ro
du
ce
d,
 g
COD removed, g
Chapter 7. Bioparticle Recirculation Rate                                                                      233 
 
 
Figure 7-5 Impact of bioparticle circulation rate on biomass yield 
Conversional  
Yield Model 
Yield Model for 
CFBBR without BC 
Yield Model for 
CFBBR with BC 
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Table 7-1 Performance data and biomass profile 
Parameter (mg L-
1, except pH) 
Feed* Stage I Stage II Stage III 
Riser Effluent Riser Effluent Riser Effluent 
pH 7.3 7.4 7.2 7.1 7.1 7.3 7.2 
Alkalinity** 210 280 210 260 240 290 240 
SCOD 397±24 78±12 19±6 86±9 21±3 76±11 20±4 
NH4+-N 40.4±3.7 8.2±1.9 0.6±0.5 7.6±1.4 1.0±0.3 9.0±1.3 0.6±0.3 
NO3—N <0.2 0.5±0.5 3.9±1.5 3.8±0.3 5.0±1.2 0.3±0.3 3.4±0.5 
VSS <5 39±9 51±20 40±10 48±13 29±5 35±8 
COD loading*** 4.62 kg COD m-3 d-1 
Nitrification loading*** 0.77 kg NH4+-N m-3 d-1 
COD removal % 95.2% 95.7% 95.6% 
TN removal % 88.8% 85.1% 90.0% 
 Riser Downer Riser Downer Riser Downer 
SNR of attached biomass, g NH4+-N g VSS-1 d-
1 
0.19±0.02 0.56±0.07 0.21±0.04 0.45±0.07 0.15±0.02 0.40±0.04 
SNR of detached biomass, g NH4+-N g VSS-1 
d-1 
0.05±0.01 0.10±0.01 0.06±0.02 0.11±0.03 0.04±0.00 0.07±0.01 
SDNR of attached biomass, g NO3—N g VSS-1 
d-1 
0.26±0.03 0.21±0.02 0.26±0.07 0.25±0.03 0.25±0.03 0.24±0.02 
Biofilm thickness,  μm 600 350 620 380 560 400 
* Average ± standard deviation 
** Alkalinity calculated as mg CaCO3 L-1 
** * COD loadings and Nitrification loadings are calculated based on the whole reaction column, as shown in Table S1. 
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Table 7-2 Biomass and carbon mass balance calculation 
 Riser Downer Mass in Mass out Mass in**** Mass out 
Biomass generated X
D
A×Qc XRA×Qc - - 
XDD×3Q ** XRD×4Q XRD×4Q XDD×4Q 
Stage I, g VSS d-1 14.1 16.0 11.2 12.7 
Stage III, g VSS d-
1 18.3 22.9 11.1 13.9 
COD consumed 
Q×S0COD - - Q×SDCOD 
3Q×S0COD 4Q×SRCOD 4Q×SRCOD 3Q×SDCOD 
1.42×XDA×Qc 1.42×XRA×Qc 1.42×XRA×Qc 1.42×XDA×Qc
1.42×XDD×3Q 1.42×XRD×4Q 1.42×XRD×4Q 1.42×XDD×4Q
Stage I, g COD d-1 66.3 55.6 55.6 31.5 
Stage III, g COD 
d-1 74.4 58.7 58.7 35.4 
 
* Mass balance of the Riser 
and the Downer are shown on 
the right. 
XDA, attached biomass of the 
bioparticles in the Downer;  
XRA, attached biomass of the 
bioparticles in the Riser; 
XDD, detached biomass of the 
bioparticles in the Downer; 
XRD, detached biomass of the 
bioparticles in the Riser; 
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Q, influent flow-rate, 100 L d-1; 
Qc, bioparticle circulation rate, 100 g bare particle per day 
** QDR = 400% Q, flow rate of Downer to Riser circulation, from the operational conditions in Table S1. 
*** C5H7O2N is used as the empirical formula of bacteria, and the COD/weight = 1.42. 
****The biomass generated in the riser was partly transported into the downer, which was included in the calculation of 
riser SRT while not considered for downer SRT calculation. 
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Table 7-3 Yield model parameters calculation of Stage I and Stage III 
 
Stage I, vs = 100 g BP per 
day 
Stage III, vs = 200 g BP per 
day 
Parameter Unit Riser Downer Overall Riser Downer Overall 
Avg. attached biomass,  mgVSS g-1 lavarock 47 46 - 59 50 - 
Avg. Solids Residence Time*, SRT,  days 4.9 30.8 16 2. 6 18.2 17.8 
True yield of heterotrophs**, Yrmax and Ydmax, mg VSS mg COD-1 0.252 0.315 0.315 0.252 0.315 0.315 
Ratio of COD removed***, ε 7.4.1  0.31 0.69 - 0.45 0.55 - 
Ratio of riser-generated biomass, η 7.4.2  0.63 - - 0.15 - - 
Measured Net sludge yield*****, Yob mg VSS mg COD-1 - - 0.082 - - 0.089
decay rate of heterotrophs, br, bd d-1 0.100 0.11 0.178 0.100 0.14 0.01
 
 SRTR is calculated based on the biomass production in Table 2 and overall biomass in the Riser, 
SRTୖ ൌ M୅୬୭୶୧ୡXୟ୬୭୶୧ୡ		Mass୭୳୲ୖ୧ୱୣ୰ െ Mass୧୬ୖ୧ୱୣ୰
ൌ 	
200	g ൈ 59.3 gg ൊ 1000
22.90c	le	2	and	o ൌ 2.6	day 
SRTD is calculated based on the biomass production in Table 2 and overall biomass in the Downer, 
SRTୈ ൌ M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ		Mass୭୳୲ୈ୭୵୬ୣ୰ െ Mass୧୬ୈ୭୵୬ୣ୰ ൌ 	
1000	g ൈ 50 gg ൊ 1000
13.90gc	e	2	and	o ൌ 18.21	day 
Chapter 7. Bioparticle Circulation Rate                                                                          238 
 
SRToverall is calculated based on the overall biomass in the CFBBR and effluent VSS,  
SRT୭୴ୣ୰ୟ୪୪ ൌ M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ	 ൅ 	M୅୬୭୶୧ୡXୟ୬୭୶୧ୡ		Qୣ୤ϐ୪୳ୣ୬୲VSSୣ୤୤	 ൌ 	
M୅ୣ୰୭ୠ୧ୡXୟୣ୰୭ୠ୧ୡ	 ൅ 	M୅୬୭୶୧ୡXୟ୬୭୶୧ୡ	
100 Ld	ൈ 34.6
g
L 	ൊ 1000
ൌ 17.8	day 
 where M is the weight of particles (g), 
Xanoxic and Xaerobic are the attached VSS (mg) per each gram media in the anoxic and aerobic column respectively, 
Xwastage is the amount of VSS (mg) wasted per day,  
VSSeffluent is the concentration of biomass in the effluent (mg L-1),  
and Qeffluent stands for the effluent flow rate (L d-1). 
The suspended VSS of the whole volume takes less than 3% of the total biomass in terms of low concentration, less 
than 40 mg VSS L-1, so the suspended biomass is neglected during the calculation of SRT. 
    ** Reported values of true yield with sodium acetate as carbon sources, Ydmax of 0.315 mg VSS mg COD-1, Yrmax of 
0.252 mg VSS mg COD-1 (McCarty, 2007; Xiao and VanBriesen, 2008). 
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7.5 Supplementary Data 
List of contents of the supporting information: 
 
Fig. S1 CFBBR lab scale reactor for particle circulation 
Fig. S2 Biofilm thickness measurement 
Fig. S3 Concept of BEP-Circulation 
Table S1 Dimensions of the CFBBR and Operational upflow velocities 
Text S1 Description of BEP-Circulation 
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Fig. S1 CFBBR lab scale reactor for particle circulation 
1 Riser bottom section, 
2 Riser middle section, 
3 Riser top section, 
4 Downer section, 
5 Freeboard, 
6 D-D circulation pump, 
7 D-R circulation pump, 
8 Particle circulated pipes, 
9 Feed water inlet, 
10 Effluent water outlet, 
11 Top Air inlet, 
12 Bottom Air inlet. 
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Chapter 7. Bioparticle Circulation Rate                                                                          241 
 
 
 
 
Fig. S2 Biofilm thickness measurement
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Figure S3: Conceptual diagrams of Bioparticle Enrichment Predation circulation A) 
Schematic of BEP circulation B) Real-time pictures of bioparticles in the Riser and the 
Downer C) Bioparticle samples with red worms D) Aquatic worms under microscope 
(×200). 
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Table S1 Dimensions of the CFBBR and Operational upflow velocities 
 Sections 
Volume* 
L 
Diameter 
mm 
Flow  L/d Upflow 
velocity 
cm s-1 
Feed 
D-R 
flow 
D-D 
flow 
Riser 
Top section 0.47 19.05 100 300 - 1.63 
Middle section 1.02 19.05 100 300 - 0.59 
Bottom section 0.51 25.4 100 300 - 0.91 
Downer 
Reaction 
column 
6.5 50.8 - - 1600 0.91 
Others Freeboard** 14 152.4 100 300 1600 0.10 
* The volume is the effective volume, not including the part above water level. 
** Thus, Vr = 2 L, Vd = 6.5 L, Vf = 14 L, Vtotal = Vr + Vd + Vf = 22.5 L 
 
Text S1 
Slow-rate bioparticle circulation, which was supported by the upflow velocity of the 
Riser, was evaluated and chosen to maintain feast-famine and anoxic-aerobic bioparticle 
reactor, and achieve Bioparticle Enrichment-Predation circulation (BEP circulation). BEP 
comprised enrichment (in Riser Bottom section), transportation (in Riser Top section), 
predator-cultivation (in Downer Top), and deactivation (in Downer Bottom). The 
conceptional schematic of BEP circulation is explained in Figure S3A with the relative 
real-time pictures of bioparticles shown in Figure S3B.  
Bioparticle circulation from the Riser to the Downer in this BEP process was due to the 
different fluidization regime between the Riser and Downer. Meanwhile, nitrate recycled 
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from the Downer (as the main electron acceptor) diffused deeper in the biofilm than 
oxygen. The main driving force behind bioparticle enrichment in the Riser was the strong 
denitrification process. In addition, due to mixing with the feed water, electron donors 
were abundant for microbial growth inside the Riser biofilm. When bioparticles grew to a 
certain level, at which the density of bioparticles became low enough with respect to the 
increasing biofilm thickness, the fluidization state of these thicker bioparticles became a 
faster fluidization regime than conversional fluidization. Subsequently the rich 
bioparticles washed out from the Riser to the Downer.  
However, in the aerobic Downer, bioparticles had different appearances depending 
on the retention time in the stratified Downer column. At the very beginning, just after 
leaving the Riser, bioparticles were transparent and cottony spherical bioparticles, which 
provided a perfect micro-environment for the ecosystem to develop. Then they became 
darker and denser, and some red thread worms (Oligochaeta) developed, as shown in 
Figure S3C and 2D; their diameter began to decrease and the density began to increase 
due to higher shear stress and predation. Then, at the bottom of the Downer, the biofilm 
became so thin that large Oligochaeta disappeared from these bioparticles, leading to a 
drop in predation activity, which is termed deactivation. These red worms are very 
common in the settling tanks of traditional active sludge systems, where the sludge 
retention is often as long as 20 days (the generation time of this metazoan). Particle 
circulation is required for refreshment in the Riser to complete this BEP circulation. 
 
 
. 
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Chapter  8   General Discussions 
Engineering significance and scientific contributions are discussed in this chapter. 
8.1 Summary  
Much effort has been put into decreasing the footprint of wastewater treatment 
plants and reducing operational treatment costs. Aerobic granular sludge and particle-
supported biofilms have been demonstrated as the two main bioparticle technologies for 
aerobic wastewater treatment (Nicolella et al., 2000d). Formation of aggregated biomass 
offers advantages, as compared to suspended flocs, in decoupling solid retention time 
(SRT) from hydraulic retention time (HRT), hence reducing the bioreactor volume 
(FLEMMING, 1999). Additionally, the large specific surface area of particulate biofilm 
reactors helps achieve high volumetric substrate conversion rates, thus reducing the 
reactor size (Mulder et al., 2001b). 
The Circulating Fluidized Bed Biofilm Reactor (CFBBR), a bioparticle technology 
designed for biological nutrient removal (Cui et al., 2004b), proposed by Nakhla and 
coworkers in 2004, is comprised of an anoxic column (riser) and an aerobic column 
(downer). The biological nutrient removal capabilities of CFBBR in lab and pilot scale 
from municipal as well as some industrial wastewater such as landfill leachate and 
rendering wastewater have been theoretically investigated.  
Previous CFBBR research implemented in both lab-scale reactors and pilot scale 
has primarily utilized coarse bubble aeration in the Downer resulting in high shear forces 
and very thin biofilm (30 μm) in the aerobic column, which upon transfer to the anoxic 
riser did not grow sufficiently fast to achieve a pronounced bioparticle circulation 
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between the two interconnected fluidized bed, i.e., the riser and the downer. Furthermore, 
due to the thin aerobic biofilm, predative microorganisms, which can reduce overall 
biomass yield, were not observed. 
In this research, a bioparticle system with strong predation processes, which 
achieved extremely low sludge production and remarkable biological nutrient removal, 
was established in the CFBBR, A novel bioparticle circulation pattern was described in 
this research in order to enhance the bioparticle operation and control.  
Although there are numerous studies on the applications of aerobic bioparticle 
processes, such as fluidized beds, air lift reactors, and granular sludge sequencing batch 
reactors for BNR, very limited investigations were carried out on long-term bioparticle 
growth and behavior under growth conditions such as feast-famine, and anoxic-aerobic 
alternation. To evaluate the impact of the bioparticle circulation on biofilm, minimal 
shear force was implemented using external aeration to achieve rich biofilms in both the 
riser and the downer. Various experiments with different substrate loading rates and 
temperatures were undertaken in order to explore the biofilm profiles during circulation 
and assess system performance. 
In the first two years of this research, long-term performance of the 4.3-L lab scale 
CFBBR, associated with chronic anoxic-aerobic bioparticle circulation, was investigated 
using synthetic wastewater experiments over 285 days; over 95% COD removal and 85% 
TN removal was achieved during slow bioparticle circulation between Riser (Anoxic) and 
Downer (Aerobic). Furthermore, with sodium acetate as the carbon source, an extremely 
low net sludge yield of 0.034 mgVSS/mgCOD was observed concomitant with the 
appearance of macro-consumers and aquatic worms. The formation of a rich biofilm was 
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a direct consequence of the low shear force in the Downer and bioparticle circulation, 
which also achieved stable biofilm, maintained predator cultivation in the aerobic, and 
enriched the biofilm in the anoxic zone.  
Meanwhile, one novel bioparticle circulation control pattern was developed, 
namely Bioparticle Enrichment-Predation circulation (BEP circulation), which can help 
the CFBBR to achieve stable biofilm, to maintain predator cultivation in the aerobic, and 
enrich the biofilm in the anoxic zone. A new conceptual model for biomass yield that 
incorporates predation and two types of microbial populations, i.e. aerobic heterotrophs 
in the Downer and anoxic heterotrophs in the Riser, was developed 
We reported for the first time that aquatic worms were observed and successfully 
maintained on the bioparticles, but neither enumeration nor delineation of their effect on 
bioparticle process performance was undertaken. Therefore, an 8.5-L CFBBR was 
established in the third year of this research to study how the worms impact COD 
removal, nitrogen removal and predation, and to discuss the evolution of worms in the 
CFBBR. The relationship between worm predation and sludge yield in the system was 
also examined at fixed substrate loading and operational conditions.  
Over the 200 days of synthetic wastewater experiments in this lab-scale (8.5 L) 
CFBBR, over 95% COD removal and 85% TN removal was achieved with bioparticle 
circulation between Riser (Anoxic) and Downer (Aerobic). Furthermore, with sodium 
acetate as the carbon source, a low net sludge yield of 0.082 mg VSS/mg COD was 
observed concomitant with the appearance of aquatic worms.  
The study demonstrated the feasibility of the pseudo-steady-state operation of the 
CFBBR for integrated COD, nitrogen removal, and worm predation, and proposed a self-
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balancing micro-community in the CFBBR, which will enhance understanding of the 
worm predation bioparticle system. This self-balancing micro-community, along with 
biomass enrichment predation (BEP) circulation, provides an effective control of the 
bioparticle system, which integrates COD and nitrogen removal with strong predation. 
A long-term (150 days) stability test of CFBBR for biological nutrient removal was 
undertaken, using the municipal wastewater (MWW) at the Adelaide Pollution Control 
Plant, London, Canada in this study. The reactor achieved over 90% of COD removal 
efficiency and 85% total nitrogen removal efficiency at organic and nitrogen loading 
rates of 4.1 kg COD m-3d-1 and 0.42 kg N m3d-1 respectively, and a very low observed 
yield of 0.088 mg VSS mg COD-1.  
Simultaneously, three different bioparticle circluation rates of 50 g bare particle d-1, 
100 g bare particle d-1, and 200 g bare particle d-1 were investigated in the laboratory.  
The results showed that increasing bioparticle circulating rate can achieve more stable 
dentrification in the Downer and longer SRT under relatively higher detachment rates. 
The low bioparticle circulation rate of 50 g bare particle d-1 (25% of overall riser particle 
mass), led to higher nitrate concentration in the Riser effluent and consequently higher 
final effluent nitrates because of insufficient biofilm surface area in the Riser. 
In order to develop a design model of the CFBBR, a 1D-bioparticle model was 
proposed for the first time with novel concepts integrating hydrodynamic coefficients, i.e. 
bed expansion, bed voidage, and bioparticle density, with time and space-dependent 
specific surface area and variable bed expansion. Berkeley Madonna 8.3 was adopted for 
model implementation.  
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8.2 Comparison of Energy Consumption in Rich-biofilm with a 
Conventional CFBBR 
The rich-biofilm CFBBR has the advantage of lower energy consumption, 
compared to the conventional CFBBR. Although the conventional CFBBR has a lower 
upflow velocity in the dower of 0.3 cm/s, which is 50% of the velocity of rich-biofilm 
CFBBR,  the low oxygen utilization rate due to the coarse bubble diffuser drag down its 
overall energy efficiency, as shown in Table 8-1. 
Table 8-1 Comparison of energy consumption in rich-biofilm CFBBR with a 
conventional CFBBR 
 
Riser upflow 
velocity, cm/s 
Downer 
upflow 
velocity, cm/s 
Type of 
aeration 
Oxygen 
transfer 
efficiency, % 
Energy 
consumption per 
m3 wastewater* 
Rich-biofilm 
CFBBR 
1.3 0.6 
fine bubble 
diffuser 
35% 0.30 KW 
Conventional 
CFBBR 
2.3 0.3 
coarse bubble 
diffuser 
20% 0.43 KW 
* The detailed energy consumption is demonstrated in Appendix E. 
8.3 Scientific Contribution 
I. Enrichment-Predation circulation (BEP circulation) was proposed as a novel 
biofilm control method for the first time, and was demonstrated in the CFBBR to 
achieve a biofilm-rich bioparticle process, which led to excellent performance 
and extremely low biomass production. 
II. The bioparticle process integrating COD removal, nitrogen removal, and worm 
predation was demonstrated for the first time, and the pseudo-steady-state of the 
worm predation bioparticle system was investigated in the CFBBR. 
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III. Despite the cursory model validation, a new novel 1D-bioparticle model was 
proposed for the first time with the novel concepts of integrating hydrodynamic 
coefficients, i.e. bed expansion, bed voidage, and bioparticle density with time 
and space-dependent specific surface area and variable bed expansion.  
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Chapter  9  
  Conclusions and Recommendations 
Key conclusions of this study are summarized based on the former chapters, 
together with recommendations for further research. 
9.1 Conclusions 
I. The biofilm-rich CFBBR process was demonstrated to achieve excellent 
removal efficiencies for both COD and nitrogen with an extremely low net 
sludge yield of 0.034 mgVSS/mgCOD for a synthetic acetate-based wastewater. 
The formation of the rich biofilm was a direct consequence of the low shear 
force in the Downer and bioparticle circulation, which also achieved stable 
biofilm and maintained predator cultivation in the aerobic. A conceptual biomass 
yield model was established for the CFBBR, taking into consideration the two 
types of microbial populations, i.e. aerobic heterotrophs in the Downer and 
anoxic heterotrophs in the Riser. 
II. A novel bioparticle circulation control pattern was developed, namely 
Bioparticle Enrichment-Predation circulation (BEP circulation). BEP circulation 
comprised enrichment (in Riser Bottom section), transportation (in Riser Top 
section), predator-cultivation (in Downer Top), and deactivation (in Downer 
Bottom). BEP circulation helped the CFBBR achieve stable biofilm, maintain 
predator cultivation in the aerobic, and enrich the anoxic biofilm. 
III. The bioparticle process integrated COD, nitrogen removal, and worm predation 
in the CFBBR. Through delineation of both temporal worm density and biofilm 
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characteristics, we demonstrated a self-balancing micro-community, which will 
enhance understanding of worm predation in bioparticle systems. Worm density 
correlated negatively with DO concentration and sludge yield and correlated 
positively with the expanded bed height in the Downer, SRT, and biomass 
density. Pseudo steady-state conditions were only achieved following the 
stabilization of worm density. 
IV. A 6L CFBBR was tested with degritted municipal wastewater for 150 days. 
Over 90% of organic carbon and 85% of total nitrogen was removed based on 
the organic and nitrogen loading rate of 4.1 kg COD m-3d-1 and 0.42 kg N m3d-1 
respectively, and a very low observed yield of 0.088 mg VSS mg COD-1 was 
observed at a pseudo-steady nutrient and hydraulic loading.  
V. A new 1D-bioparticle model, integrating hydrodynamic coefficients, i.e. bed expansion, 
bed voidage, and bioparticle density, with time and space-dependent SSA and variable 
bed expansion, was proposed. Berkeley Madonna 8.3 was adopted for model 
implementation.An integrated CFBBR conceptual model incorporating both 
biological kinetics and hydrodynamic coefficients was developed by using the 
1D-bioparticle model. The experimental data were used to calibrate the kinetic 
and hydrodynamic coefficients, i.e. detachment rate, maximum specific substrate 
utilization rate, biomass decay, half saturation coefficients, etc. 
VI. The impact of bioparticle recirculation rate was investigated. Increased 
bioparticle circulation rate can achieve more stable denitrification performance 
in the Downer, and longer SRT under relatively high detachment rate. The low 
bioparticle circulation rate of 50 g bare particle d-1 (25% of overall riser particle 
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mass), led to higher riser effluent nitrate, and concequently higher effluent 
nitrates because of insufficient biofilm surface area in the Riser. A modified 
biomass yield model was also established for the CFBBR with bioparticle 
circulation. 
9.2 Limitations 
The CFBBR as one type of bioparticle process demonstrated very promising results 
in terms of carbon and nitrogen removal with minimum production of excess sludge. 
However, the intrinsic drawbacks of fluidization cause some limitations: 
IV. In order to achieve effective large specific surface area, the CFBBR need 
additional energy consumption for fluidization to maintain the minimum liquid 
fluidization velocity, compared with other biofilm technologies with larger 
carrier media. 
V. In the aerobic bioparticle system, commercial aerators impose limitations on oxygen 
supply and transfer efficiency, and consequently, system design loadings are 
constrained. 
9.3 Recommendations 
In order to further improve the CFBBR system and overcome some of the 
aforementioned drawbacks, the following recommendations pertain 
I. A stability study, including maintaining stable specific surface area in the riser 
and expanded bed height in the downer , is recommended. 
Chapter 9. Conclusions and Recommendations                                                              254 
 
II. The CFBBR has potential to culture other multi-species communities, for 
example Anammox combined with nitrifiers, due to its unique bioparticle 
control method.  
III. Jet aeration products, which are widely used for simultaneous aeration and 
mixing, can be used for large-scale CFBBR design to avert clogging. 
IV. Pure oxygen aeration is suggested for high-strength wastewater treatment to 
overcome the limitation of oxygen supply. 
V. Worm predation needs to be further investigated, specifically to identify the 
carbon distribution between anabolism and catabolism. 
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Appendix A.  Information Regarding Biomass Net Yield 
Text A1: True yield 
The three pertinent biochemical processes include aerobic heterotrophic COD 
biodegradation, heterotrophic denitrifciation, and autotrophic nitrification. Since the 
maximum growth rate of autotrophs in the multi-species biofilm was extremely lower 
than heterotrophs, the yield contribution of autotrophs could be neglected. In the anoxic 
COD biodegradation process, because of different electron acceptors and nitrogen source, 
80% of the aerobic true yield was assumed.   
The true aerobic yield based on acetate via the oxygenase pathway was calculated 
as 0.446 mol-C cells(C5H7O2N) /mol-C acetate at pH 7 comparable to the average 
reported yield of 0.42 mol-C cells/mol-C acetate, translating to a yield of 0.315 
mgVSS/mgCOD ( 0.446 ௠௢௟	஼	௖௘௟௟௦௠௢௟	஼	௔௖௘௧௔௧௘ ൈ
ଶଶ.଺	௠௚	௏ௌௌ
௠௢௟	஼	௖௘௟௟௦ ൈ
௠௢௟	஼	௔௖௘௧௔௧௘
ଷଶ	௠௚	஼ை஽ ൌ 0.315	ܸ݉݃ܵܵ/
݉݃ܥܱܦ ) lower than the 0.42 mgVSS/mgCOD without oxygenase involvement base on 
bioenergetics. 
 
Text A2: Example of decay rate calculation for the biomass net yield Model 
As discussed before, the decay rate of the microbial communities in the downer is 
very complex, for the cryptic growth and predation process play a key role of biomass 
decrease. However, the decay rate can be estimated based on the equation (2). 
ଵ
௒೚್ ൌ ߝ ቀ
ଵ
௒೘ೌೣೝ ൅
ఏ೎ೝ௕ೝ
௒೘ೌೣೝ ቁ ൅ ሺ1 െ ߝሻሺ
ଵ
௒೘ೌೣ೏ ൅
ఏ೏ೝ௕೏
௒೘ೌೣ೏ ሻ      (2) 
Where,  
ε,  ratio of COD removed anoxically in the Riser, 
௠ܻ௔௫௥ ,  true yield of anoxic heterotrophs in the Riser, 
ߠ௖௥,  Specific SRT of anoxic heterotrophs in the Riser, 
ܾ௥,  microbial decay of anoxic heterotrophs, 
௠ܻ௔௫ௗ ,  true yield of aerobic heterotrophs in the Downer, 
ߠௗௗ,  Speicific SRT of aerobic heterotrophs in the Downer, 
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ܾௗ,  microbial decay of aerobic heterotrophs, 
ܾௗ ൌ ܾௗ௘௖௔௬ௗ ௖݂௥௬௣௧௜௖+ܾ௣௥௘ௗ௔௧௜௢௡ௗ . 
In Mode IV,  
 1) ߝ ൌ ஼ை஽	௨௜௟௜௭௔௧௜௢௡	ௗ௨௥௜௡௚	ௗ௘௡௜௧௥௜௙௜௖௔௧௜௢௡	௜௡	௧௛௘	ோ௜௦௘௥்௢௧௔௟	஼ை஽	௥௘௠௢௩௘ௗ ൌ
మ.ఴల
భ.ఴలరమఴೊ೚್ൈே೏೙
ೝ
ொ೐೑೑ൈ൫ௌ೔೙೑ିௌ೐೑೑൯ 
where Yob is the observed yield shown in Figure 4 (mgVSS/mgCOD), 
Nrdn is the nitrate removed in the Riser anoxically through denitrification (mg N/d), 
which is shown in Figure 3a, 
Sinf and Seff are the COD of feed and effluent respectively. 
ߝ ൌ
2.86
1.86the	COD	 ൈ .86t
488ሺ3006thሻ ൌ 0.18 
 
2) ௠ܻ௔௫௥ ൌ 0.315e	COD	of	feed	and	efϐlue,  ௠ܻ௔௫௥ ൌ 0.315	݉݃	ܸܵܵ/݉݃	ܥܱܦ. 
 
3)    
ߠ௖௥ ൌ SRTୟ୬୭୶୧ୡ VSS୰୧ୱୣ୰ሺQ୰ ൅ Q୧୬୤ሻVSSୣ୤୤ሺQ୧୬୤ ൅ Q୰ ൅ Qୢሻ 
ߠௗௗ ൌ SRTୟୣ୰୭ୠ୧ୡ VSSୢ୭୵୬ୣ୰QୢVSSୣ୤୤ሺQ୧୬୤ ൅ Q୰ ൅ Qୢሻ 
where VSSriser, VSSdowner and VSSeff are the VSS of the riser, VSS of the downer and 
VSS of the effluent (mg/L); 
and Qr and Qd are the circulation flow rate of the Riser and the Downer column 
respectively (L/d). 
ߠ௖௥ ൌ 21.6	dh ଶ଻	୫୥/୐		ୡ୧୰ୡ୳୪ୟ୲୧୭୬	ଽ	୫୥/୐			ୡ୧୰ୡ୳୪ୟ୲୧୭୬	ϐ୪୭୵ ൌ 54	d 
ߠௗ௥ ൌ 37.6	d	 ଺.ଷ	୫୥/୐	ୡ୧୰ୡ୳୪ୟ୲୧ଽ	୫୥/୐	୐	ୡ୧୰ୡ୳୪ୟ୲୧୭୬	ϐ୪୭୵ ൌ 62.7	d 
4) ܾ13ݎ ൌ ܾ20ݎ ሺ1 ൅ 0.07ሻሺ130.07 ൌ 0.1007ሻ	circulat d-1. Temperature is 13Ԩ.  
 With the parameters above,  
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1
0.034 ൌ 0.18 ൬
1
0.252 ൅
54252	th
0.252 ൰ ൅ ሺ150.18ሻሺ
1
0.315 ൅
62.75ܾௗ
0.315 ሻ 
the decay rate ܾଵଷௗ ൌ 0.146	d-1, which calculated based on equation above. 
Appendix B                                                                           258 
 
Appendix B.  One version of code source of 1D-bioparticle model 
Method STIFF 
DT=1 
STOPTIME=3000 
 
{----------------------Reacter Scale-----------------------------------------} 
 
d/dt(S_r[0])=Mass_in_COD_r - Mass_out_COD_r + Diffusion_COD_r 
init S_r[0..N]=0 
 Mass_in_COD_r=R_r*Q*S0_r/V_r 
 Mass_out_COD_r=R_r*Q*Sb_r/V_r 
 Diffusion_COD_r=-a_r*Dx*(S_r[0]-S_r[1])/(Lw) 
 
d/dt(X_r[0])=Mass_in_Natri_r - Mass_out_Natri_r + Diffusion_Natri_r 
init X_r[0..N]=0 
 Mass_in_Natri_r = R_r*Q*N0_r/V_r 
 Mass_out_Natri_r=R_r*Q*X_r[0]/V_r 
 Diffusion_Natri_r=- a_r*Dx*(X_r[0]-X_r[1])/(Lw) 
 
;S0_r=(S0+Sb*(R_r-1))/R_r 
;N0_r=Xb*(R_r-1)/R_r 
 
;Sb = 0.03 
;Xb =0.005 
 
 
{------------------Biofilm Scale----------------------------------------} 
 
Js_r=Dw*(Sb_r-Ssb_r)/Lw  {Flux of substrate into the biofilm, mg/cm2/hr} 
 
d/dt(Lf_r)=YH_r*Js_r/XHf_r-b_r*Lf_r  {growth of biofilm, cm per hour} 
INIT Lf_r=Lf_init  {initial thickness of biofilm in cm}  
LIMIT Lf_r>=0.02 
LIMIT Lf_r<=0.08 
Lf_init=0.02 
 
d/dt(S_r[1..N-1])=nelda*Dw*(S_r[i-1]-2*S_r[i]+S_r[i+1])/(Z_r*Z_r)+RS_r[i] 
d/dt(X_r[1..N-1])=nelda*Dx*(X_r[i-1]-2*X_r[i]+X_r[i+1])/(Z_r*Z_r)+RN_r[i] 
d/dt(S_r[N])=nelda*Dw*(S_r[i-1]-S_r[i])/(Z_r*Z_r)+RS_r[i] {Wall boundary} 
d/dt(X_r[N])=nelda*Dx*(X_r[i-1]-X_r[i])/(Z_r*Z_r)+RN_r[i] {Wall boundary} 
INIT S_r[0..N]=0 
INIT X_r[0..N]=0 
 
 
RS_r[1..N]=-(qH_r*XHf_r*(S_r[i])/(KS+S_r[i])*(X_r[i]/(Kn+X_r[i]))) 
RN_r[1..N]=RS_r[i]*(1-1.42*YH_r)/2.86 
 
 
Z_r=Lf_r/(N-1) {Thickness of each biofilm segment, cm} 
Sb_r=S_r[0] 
Ssb_r=S_r[1] 
Xb_r=X_r[0] 
 
{-----------------Hydrodynamic-------------------------------------------} 
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;XHf= if Lf<0.03 then 65 else if Lf<0.063 then (98.6-0.106*Lf) else 30 
;XHf=98.6-0.106*Lf 
XHf_r=40 
 
 
Xwet_r=2.059*XHf_r+Xw 
dp_r=dm+2*Lf_r/100 
Xp_r=(dm/dp_r)^3*Xm+(1-(dm/dp_r)^3)*Xwet_r 
 
 
Ar_r=g*dp_r^3*(Xp_r-Xw)*Xw/(u_r*u_r) 
e_r=(Xw*u_r*u_r*(0.033*Ar_r^0.487+361.5*Ar_r^(-0.487))/(4*g*dp_r*(Xp_r-Xw)))^(4.75*10^(-
6)*Ar_r^0.773+0.1) 
V_r=1/(1-e_r)*((dp_r/dm)^3)*Mass_r/Xm 
a_r=6*(1-e_r)/dp_r/100 
 
 
 
{===========Constant========================} 
; Influent characteristic---------------------------- 
Q=2000 {Flow rate, cm3/h, x0.024 L/d} 
 
S0=0.4  {Feed substrate concentration, mg/cm3, x1000 mg/L } 
N0=0.04  {Feed nitrate concentration, mg/cm3, x1000 mg/L } 
 
; FBBR configuration------------------------------ 
Vr=1000 {whole volume of Anoxic column, cm3} 
R_r=4  {Ratio of flow rate to influent flow rate, calculated by u} 
diameter_r = 2.54 {diameter of the Anoxic, cm} 
 
 
; FBBR operational condition-------------------- 
u_r=(Q/1000000/3600*R_r)/(4*3.14*(diameter_r/200)^2)  {up-flow velocity, m/s, terminal 
velocity for transfered thickness} 
 
  
;Particle parameters------------------------------ 
Mass_r = 50000  {Initial of weight of bare particles, mg, x0.001 g} 
dm=0.00067 {Initial of diameter of bare particles, m} 
e_r=0.6 {Initial of bed voidage} 
 
Number_r=Mass_r/(4/3*3.14*(dm*100/2)^3*Xm) 
 
Surf_r=4*3.14*(dm*100/2)^2*Number_r 
a_r=Surf_r/V_r  {Initial specific area of biofilm, cm2/cm3, x100 m2/m3} 
 
XHf_r=40 {biomass density of biofilm, mg/cm3, kg/m3} 
Xw=1000 {water density, mg/cm3, kg/m3} 
Xm=2500 {particle density, mg/cm3, kg/m3} 
 
g=9.8 {gravity, cm/s2} 
 
; Biokinetics------------------------------------------- 
N=10  
YH_r=0.252 {Yield of anoxic biomass per substrate, mg VSS/ mgCOD} 
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qH_r=0.355 {Maximum substrate removal rate, mg/mg biomass/hr} 
KS=0.048 {half Saturation constant for S, mg/cm3} 
KO=0.005 {half Saturation constant for O, mg/cm3} 
Kn=0.0025{half Saturation constant for N, mg/cm3} 
 
b_r=bD_r+bH_r {Decay constant, bD+bH, per hr} 
bD_r=0.0005 {Decay constant, bD+bH, per hr} 
bH_r=0.0016 {Decay constant, bD+bH, per hr} 
 
; Stochiometry------------------------------------------ 
 
Lw=0.01 {Thickness of external film, cm} 
Dw=0.08 {Diffusion coeff. for S in water, cm2/hr} 
Do=0.1 {Diffusion coeff. for O in water and biofilm, cm2/hr} 
Dx=0.1 {Diffusion coeff. for N in water and biofilm, cm2/hr} 
nelda=0.8 {converting D in water to D in biofilm} 
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Appendix C.  Simulation graphs of CFBBR Model with Berkeley Madonna 
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 Figure A-1 Calibrations of CFBBR model in Berkeley Madonna 
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Appendix D.  Description of Integration Methods of Berkeley Madonna 
(from the Berkeley Madonna User's Guide, www.berkeleymadonna.com) 
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Appendix E.  The estimation of energy consumption of CFBBR (Q=1000 m3/d) 
Table E-1 Energy consumption for conventional CFBBR (300% nitrate recycle, upflow velocity 2.3 cm/s for the riser, 0.3 cm/s for 
the downer, 20% oxygen utilization rate) 
equipment 
flow rate 
m3/h 
(Nm3/min) 
head 
loss 
m 
shaft 
power
kW 
Moter 
power
kW 
installed 
(duty + 
standby) 
operatin
g (duty) 
Motor 
efficiency 
installed 
power 
kW 
work
ing 
hours 
KW/d % 
Feed pump 41.7 0.5 0.1 0.5 2 1 0.75 1 24.00 0.00 0% 
Riser-Riser pump 125.0 3.0 1.3 5 1 1 0.75 10 24.00 41.67 10% 
Downer-Riser pump 125.0 3.0 1.3 5 2 1 0.80 10 24.00 39.06 9% 
Downer-Downer pump 150.0 3.0 1.6 5 2 1 0.85 10 24.00 44.12 10% 
Air Compressor 5.9 6.0 10.9 15 2 1 0.85 30 24.00 306.9 71% 
Total Energy consumption 431.4  
Energy consumption per wastewater m3   :  0.43 KW 
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Table E-2 Energy consumption for rich-biofilm CFBBR (300% nitrate recycle, upflow velocity 1.2 cm/s for the riser, 0.6 cm/s for the 
downer, 35% oxygen utilization rate) 
equipment 
flow rate 
m3/h 
(Nm3/min) 
head 
loss 
m 
shaft 
power 
kW 
Moter 
power
kW 
installed 
(duty + 
standby) 
operatin
g (duty) 
Motor 
efficiency 
installed 
power 
kW 
working 
hours KW/d % 
Feed pump 41.7 0.5 0.1 0.5 2 1 0.75 1 24.00 0.00 0% 
Riser-Riser pump N/A 0.0 0.0 0 1 1 0.75 0 24.00 0.00 0% 
Downer-Riser pump 125.0 3.0 1.3 5 2 1 0.80 10 24.00 39.06 13% 
Downer-Downer pump 291.7 3.0 3.0 7.5 2 1 0.85 15 24.00 85.78 29% 
Air Compressor 3.3 6.0 6.2 15 2 1 0.85 30 24.00 175.19 58% 
Total Energy consumption 300 
Energy consumption per wastewater m3   :  0.30 KW
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